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Summary 
 
Much of our knowledge of sediment transport on the northwest Irish shelf was 
hypothesised in the 1970’s with limited resources and without the benefit of 
modern seafloor mapping equipment and techniques (Kenyon and Stride, 
1970). Utilising existing and newly generated data sets, this research focuses 
on modern sediments located on the north Irish shelf between 54º - 56ºN the 
aim of which is to establish connections between bedform morphology, 
sediment distribution and modelled hydrodynamics in order to describe 
sediment transport processes from a shelf to bedform scale.  
Interrogation of  multibeam echosounder data has enabled classification of 8 
depositional and 2 erosional bedform types (Evans et al., 2015). Many of these 
bedforms overlap those glacial formations identified in previous research 
(Benetti et al., 2010b, Dunlop et al., 2011, O'Cofaigh et al., 2012).  
Classification of backscatter data has identified 5 sedimentary classes across 
the shelf, with gravel dominating the inshore areas and large soft sediment 
deposits concentrated in proximity to moraine features and areas of bathymetric 
lows. 
These mapping techniques applied alongside outputs from a sediment transport 
specific, hydrodynamic model created as part of this research, have led to a 
number of novel findings and challenges to existing research. 
The location of bedload parting zones presented by (Belderson et al., 1982) are 
challenged and a new location suggested based on bedform distribution, 
bedform geometry and modelled current data.  
ix 
It is also proposed that bedforms south of the Malin Deep in 130 m water depth,  
previously described as ‘active’ by (Dunlop et al., 2011) , are relict in nature due 
to insufficient flow velocities in the area to mobilise the sediments of which they 
are comprised (Terwindt and Brouwer, 1986). 
It is hypothesised that a change in orientation of identified sediment lineations is 
a sedimentary record of the point of incursion onto the Irish shelf by the 
European Slope Current (ESC), a longstanding oceanographic feature 
(Fernand et al., 2006, White and Bowyer, 1997). This change of orientation 
occurs  ~55º30’N and correlates with literature on the ESC, model and 
oceanographic data (Souza et al., 2001).  
On a bedform scale, repeat bathymetric surveys have revealed a wide range of 
sediment wave migration rates. Utilising a new ESRI Arc GIS based technique, 
these rates were accurately measured across the shelf with highest rates of ~ 8 
m yr-1 displayed by giant sandwaves 14 km north of Malin Head. Through 
analysis of repeat survey data, these same waves display a rotary migration 
pattern. Located on an offshore tidal sandbank (Caston, 1972), sandwaves 
rotate around a central point, driven by currents connected to a nearby tidal 
sound (Sanay et al., 2007). It is hypothesised that these currents are the 
primary means of soft sediment retention in an otherwise gravel dominated area 
of shelf (Williams et al., 2000, Zhu and Chang, 2000).  
The multidisciplinary approach adopted by this research, including bathymetric, 
backscatter, sedimentary, seismic and hydrodynamic model data, reveals new 
approaches to examining and insights into the sediment transport processes on 
the northwest Irish shelf. 
 
x 
Abbreviations 
 
ADCP    Acoustic Doppler Current Profiler 
ARA    Angular Response Analysis 
AVG    Angle Varied Gain 
BIIS    British Irish Ice Sheet 
BPI    Bathymetric Position Indices 
CTD    Conductivity Temperature Depth 
DHI    Danish Hydraulic Institute 
EEZ    Economic Exclusion Zone 
EMODNET   European Marine Observation and Data Network 
ESC    European Shelf Current   
GIS    Geographic Information System 
GSI    Geological Survey of Ireland 
HPC    High Powered Computer 
IHO    International Hydrographic Organisation 
INFOMAR INtegrated mapping FOr the sustainable 
development of Ireland’s MArine Resource 
INSS    Irish National Seabed Survey 
JIBS    Joint Irish Bathymetric Survey 
MBES    MultiBeam Echo Sounder 
MESH    Mapping European Seabed Habitats 
ROMS   Regional Ocean Modeling System 
RV    Research Vessel 
STABLE   Sediment transport & Boundary Layer Equipment
xi 
Notes on access to contents 
 
 
I hereby declare that with effect from the date on which the thesis is deposited 
in the Research Office of the University of Ulster, I permit 
 
• The librarian of the university to allow the thesis to be copied in whole or 
in part without reference to me on the understanding that such authority 
applies to the provision of single copies made for study purposes or for 
inclusion within the stock of another library. 
 
The thesis to be made available through the Ulster Institutional Repository 
and/or EThOS under the terms of the Ulster eTheses Deposit Agreement which 
I have signed.  
 
It is a condition of use of this thesis that anyone who consults it must recognise 
that the copyright rests with the author and that no quotation from the thesis 
and no information derived from it may be published unless the source is 
properly acknowledged.    
 
Introduction 
 
12 
Chapter 1 – Introduction 
1.1 Investigation of sediment transport in the marine 
environment 
 
 
Our knowledge of sediment transport in the marine environment has been 
derived from a combination of field measurements (Allen, 1965, Kenyon and 
Stride, 1970), laboratory experiments (Folk, 1954), numerical models 
(Hjulstrom, 1935, Shields, 1936) and governing equations from other areas of 
research (Lewis, 1980).  
Several factors are known to influence the initiation of sediment transport. The 
characteristics of the sediment should be considered, including; grain size, 
density, packing, sorting and shape. Likewise, the fluid itself should be taken 
into account with density, viscosity, velocity and turbulence all having an effect 
on sediment transport ability (Miller et al., 1977, Shields, 1936). As a fluid 
moves over sediment, it exerts a frictional force. When the correct combination 
of the above factors is reached, particles of sediment will reach a ‘threshold’ 
point and begin to move (Hjulstrom, 1935). Through the work of (Hjulstrom, 
1935), (Shields, 1936), (Miller et al., 1977), (Wilcock, 1993) and others, it is 
possible to place a value on the friction or stress required to mobilise a 
sediment of known size. 
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This bed stress value can be calculated using the following equation (Shields, 
1936).  
 
 
 C = bed shear stress (N/m2) 
 = density of fluid (kg/m3) 
V = mean current velocity (m/s) 
c= current friction factor (composed of water depth and bed roughness) 
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Values can then be compared to derived tables such as that created by (Julien, 
2002) below (Fig 1.1). 
 
 
Fig 1.1 Table relating sediment classification, grain size (mm of phi) and bed stress ( C ) in 
N/m2 required to initiate transport (Julien, 2002).  
 
A number of empirical curves have also been created in an attempt to better 
visualise these thresholds. The curve present here by (Hjulstrom, 1935) is an 
example of this, illustrating the flow velocity (cm/s) required to initiate transport 
of given sediments (Fig. 1.2).  
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Fig 1.2 Hjulstrom Curve designed to visualise the relationship between grain size (mm) and flow 
speed (cm/s). The cohesive properties of silts and clays (0.001 – 0.064 mm) require increased 
energy to initiate erosion when compared to larger, non-cohesive sediments (Hjulstrom, 1935). 
 
Once this threshold is reached, marine sediments are known to move either as 
bedload or as suspended load. Bedload typically occurs in sands and gravels 
and manifests itself as particles rolling, sliding or by saltation (Bartholdy et al., 
2010c). Silts and clays are most often transported as suspended load, either 
held in the water column by turbulence or as a dissolved water constituent 
(Lefebvre et al., 2014).  
How this transport generates the range of bedforms identified in shelf 
environments is part of a dynamic balance between available sediments, tidal 
currents and in some cases wave energy (Cataño-Lopera and García, 2006). 
Not unlike dune formation processes in rivers, marine bedform development is 
initiated by transport of several grains into a patch just several grains higher 
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than the surrounding sediment (Perillo et al., 2014). This change in morphology 
is referred to as a pertubation by (Besio et al., 2008a). As water flows around 
this pertubation a recirculation cell is created. When net transport of sediment is 
directed towards this perturbation, a crest is formed. This crest grows in 
amplitude, is manipulated by hydrodynamic conditions and a bedform is formed 
(Besio et al., 2008a, Gerkema, 2000, Perillo et al., 2014).  
(Allen, 1965) placed this theory into a marine sediment wave context in his 
description of how particles move across a typical sand wave. Grains are forced 
upslope on the stoss side of the wave due to current velocity and resulting 
friction (Fig. 1.3). Upon crossing the crest, flow velocity drops, causing the 
sediment to accumulate on the lee side, either avalanching down the wave face 
or by settling out of suspension down current (Bartholdy et al., 2010a, Cataño-
Lopera and García, 2006, Mazumder, 2003).  
 
 
Fig. 1.3 Adapted from (Allen, 1965). Migration of sediment grains up the stoss slope and 
deposition on the lee side. Note coarser grains travel less distances down the lee slope than 
finer sediments.  
 
The theory of sediment transport and genesis of bedforms serve as a 
foundation for shelf sediment surveys and the analysis of the data they 
generate.  
Investigations into the distribution of seafloor sediments began in the Victorian 
era, when bathymetric soundings with leaded line (Mayer, 2006, Quinn and 
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Boland, 2010) were supplemented by attempts to recover seafloor samples to 
document seafloor sediment differences on navigational charts. Over a century, 
advances in marine acoustics, driven by military needs during the world wars, 
prompted modern pioneering surveys in shallow shelf environments (Lurton, 
2002, McGonigle et al., 2009, Quinn, 2000). As a result, a more complete 
picture of shelf bathymetry, sediment distribution and bedform formations was 
developed. At the forefront of shelf-scale sedimentary investigations was the 
use of acoustic side scan sonar to map seafloor morphology, identify bedforms 
and classify sediment distributions around the UK and Ireland (Belderson et al., 
1982, Kenyon and Stride, 1970). This globally significant work greatly advanced 
the understanding of sedimentary processes on modern day shelves by 
establishing key models and supporting evidence, illustrating mechanisms for 
seafloor mobility. This pioneering work describing sedimentary deposits and 
making deductions regarding the relationship between bedform asymmetry, 
grain size, current flow and transport pathways still forms the basis for modern 
day sedimentary shelf science (Barnard et al., 2013, Van Landeghem et al., 
2009b). The bedform matrix diagram (Belderson et al., 1982) classifies the 
various sedimentary formations and links them directly to bottom current regime 
(Fig. 1.4). 
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Fig. 1.4 (Belderson et al., 1982) bedform matrix. Bedforms created by currents on the 
continental shelf and related to mean spring peak near-surface currents in cms-1 (circles) 
 
The orientation and shape of these bedforms was revealed to be key in 
understanding migration rate and direction, with asymmetry of shape being one 
of the central measures. Bedform asymmetry is described as the variation in 
ratio between a gently sloping, longer stoss slope and a steeper, shorter lee 
slope (Fig. 1.5). As discussed in relation to the theory of sediment transport, 
movement typically follows a stoss to lee direction with a steeper lee angle 
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suggesting high mobility (Allen, 1965, Belderson et al., 1982, Caston, 1972), a 
model which is continually re-evaluated and refined (Knaapen et al., 2005, Lobo 
et al., 2000, Van Landeghem et al., 2012). Steeper slopes generate higher 
transport rates due to increased volumes of sediment entering suspension at 
the crest (Bartholdy et al., 2010c, Lefebvre et al., 2014). Equal length 
(symmetrical) and gently-angled wave slopes thus indicate a low mobility rate 
(Ferret et al., 2010, Van Landeghem et al., 2012). 
 
 
Fig. 1.5. Diagram of commonly used description for bedform geometry.  
 = Wavelength, ∆s  = wave height, Ls = stoss slope, Ll = lee slope, Dcr = crest depth. 
 
While these early investigations helped inform the basic principles of bedform 
development, as technology and seagoing capability has improved, so has the 
quality of seafloor data and how it is interpreted. While side scan instruments 
are still used to great effect (Wewetzer, 1999), modern marine investigations 
typically utilise a suite of state of the art instruments to gather a complete 
picture of the seafloor. Modern hydrographic standard surveys often adopt 
multibeam echosounder (MBES) as primary equipment in collecting depth data, 
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resulting in the most complete and robust charts (Barnard et al., 2013, Li and 
King, 2007, McGonigle et al., 2009, Plets et al., 2011, Shaw et al., 2014). MBES 
enables swath coverage of tracts of seafloor, covering greater area in a lot more 
detail than single point echosounder data (Brown and Blondel, 2009, Marks and 
Smith, 2009). This creates multiple soundings over an area (controlled by 
vessel speed, water depth, beam width and acoustic amplitude) resulting in a 
high-resolution image of the seafloor with an up to centrimetric resolution 
depending on weather conditions at time of survey and the type of system used.  
The high accuracy of MBES in both the horizontal and the vertical has resulted 
in the instrument’s increased use as a method to study and monitor the 
seafloor, either to measure movement or to confirm a stable sedimentary 
environment (Knaapen et al., 2005, Knaapen and Hulscher, 2002, Ma et al., 
2014, Németh et al., 2002). It can therefore be argued that the results of a 
single survey have limited value in fully understanding a mobile sediment 
environment and they are only valid at time of survey (Barrie and Conway, 
2014). By conducting sequential surveys, time-lapse imagery of the seafloor 
can be generated. Repeat survey reveals differences in seafloor bathymetry, 
direction and rate of bedform migration and a means of quantifying net 
accretion or erosion of substrates provided all surveys are corrected to the 
same datum (Barrie et al., 2009, Knaapen and Hulscher, 2002, Van 
Landeghem et al., 2012). This technique has proved particularly useful when 
considering sediment mobility and scouring around installations such as 
pipelines or piers (Morelissen et al., 2003, Schmitt et al., 2007). It has also been 
adopted as a method to confirm the direction and rate of sediment wave 
movement, acting as a check on asymmetry-based assumptions (Barnard et al., 
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2013, Van Landeghem et al., 2009b, Van Landeghem et al., 2012). In situ 
techniques have been employed to monitor changes in seafloor such as the 
Sediment Transport and Boundary Layer Equipment (STABLE) lander, which 
has proved highly effective in calculating turbulence and bedstress in coastal 
waters (Huthnance et al., 2002). Likewise other seafloor mounted methods 
have used noise in acoustic signal to monitor concentrations of suspended 
sediment to give indication of transport potential (Betteridge et al., 2008). 
Equipment such as STABLE is, however, expensive, data cannot be monitored 
until the instruments are recovered, and in energetic environments there is the 
potential for damage or loss when mooring specialised instruments. This risk 
and the ability to monitor data quality on the fly are just two reasons repeat 
MBES surveys have come to the fore in the field of seafloor monitoring.  
The result of these advances in technology and techniques with which to 
investigate marine sediments is that previous work in the field can be 
challenged and improved. An update to Belderson’s bedform matrix is one such 
improvement. Including the bedforms identified in Belderson et.al., 1982, Stow 
et. al., 2009 improves the matrix by including bedform formation as a function of 
grain size (mm) and flow velocity ms-1 (Fig. 1.6). Derived from 69 different 
investigations, this improved matrix utilises data unavailable to Belderson et. al., 
1982 in the 1970’s.  
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Fig. 1.6 (Stow et al., 2009) bedform velocity matrix representing bedforms occurrence under 
specific near seafloor velocities (m/s) and grain size (mm).  
 
As further studies into sediment transport are conducted, resulting in more 
comprehensive data, early assumptions on seafloor mobility are being 
challenged. One such assumption is the direction of bedform migration based 
on asymmetry. Through use of repeat MBES in the Irish Sea, (Van Landeghem 
et al., 2012) demonstrated that 18% of over 200 sediment waves surveyed, 
moved in the direction of their stoss slope rather than the expected lee direction 
(reversed – asymmetry migration). Antidunes do present an example of the this 
process however these form in fast flow, with large Froude numbers (Kennedy, 
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2006) well in excess of those measured by (Van Landeghem et al., 2012). 
While possible causes such as internal feedback between waves or influence of 
superimposed sediment waves were suggested, it is accepted that further 
research is required to fully explain how reversed – asymmetry migration can 
occur in the Irish Sea environment.  
Interestingly many of these early surveys, through to the state-of-the-art 
mapping programs, have occurred in UK and Irish waters due to a relatively 
shallow shelf environment and variable tidal currents.  These surveys have 
helped to inform some of the shelf sedimentary processes in the region. 
An advantage in utilising MBES is the capability to measure the strength of 
signal return (dB) from the seafloor, known as backscatter. Differing seabed 
sediments affect the strength of signal return by absorbing or reflecting acoustic 
energy to varying extents (Fig. 1.7). The variance in this response can give 
indication of grain size, sound speed, density, porosity and volume of the 
seafloor sediments (Brown and Blondel, 2009). At a basic level, rocky areas 
provide high-energy returns while soft muds absorb the signal energy, creating 
a low backscatter return (Blondel and Gómez Sichi, 2009, Fonseca et al., 2009, 
Lamarche et al., 2011, Sacchetti et al., 2011). Two main approaches to the 
processing of this signal return are feature-based image analysis and 
examination of relationships between acoustic response and ground-truthed 
measurements (geoacoustic) (Brown and Blondel, 2009). As computational 
capability increases, use of specialist software packages to undertake 
processing and classification of backscatter data is increasingly common 
(McGonigle and Collier, 2014). This is not without issue and image-based 
analysis software such as ESRI ArcGIS and QTC Multiview can be thought to 
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be a less accurate means than feature-based approaches to analyse acoustic 
response due to the averaging of responses across the data set during 
processing. The angular response of backscatter acoustic signal can be 
processed by software programs like CARIS and Geocoder and applied to a 
standardised model, generating an anticipated sediment type at a specific point 
(McGonigle et al., 2010b, Rzhanov et al., 2012). Angular response can, 
however, be affected by a number of factors including data quality and 
environmental influences. As a result, there are increasing uses for a 
combination of signal and image-based analysis to fully interrogate backscatter 
data sets (Hasan et al., 2012). By collecting sediment samples in an area of 
backscatter coverage, it is possible to further refine this relationship by 
correlating grain size with acoustic response. By using grain size to ‘train’ 
classification of backscatter response, data from only a few sampling stations 
can inform sediment distribution across a large area. This can prove an 
invaluable method to infer sediment distribution in areas where ground truth 
data is unavailable (Goff et al., 2000, McGonigle and Collier, 2014) 
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Fig. 1.7 Differing backscatter response to variation in sediment type. Typically, rugose rock 
surfaces create increased scattering. The hard surface promotes reflection with little 
transmission into substrate. The result is a high backscatter response. Mud, typically smooth 
surfaced and soft in composition enhances transmission resulting in little scattering, poor 
reflection and low backscatter responses.  
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The mobilisation costs of scientific vessels, the difficulties associated with 
equipment deployment and recovery and inaccessibility of some study areas 
coupled with advances in computational ability have led to the increasing use of 
numerical modelling as an alternative to field measurements in the marine 
environment (Gunn and Stock-Williams, 2013, Staneva et al., 2009). Ability to 
forecast oceanographic processes have enabled identification of upcoming 
storm-surge and tidal events, changes in future water temperature and other 
key parameters (Shan et al., 2011, Sheng and Yang, 2010). Hindcasting of this 
data has also key to oceanographic research enabling analysis of globally 
significant changes over time, such as palaeotidal ranges and sea level or sea 
temperature changes (Brooks et al., 2008, Ward et al., 2015). Global ocean 
models have been in existence since the early 80’s, increasing in realism as 
computational power has developed. While these models provide an excellent 
overview of large-scale phenomenon such as El Niño or the North Atlantic 
Oscillation, it has long been recognised that it is the shelf and coastal regions 
that are the centres of biological productivity, chemical cycling and socio-
economic importance and that these models are not adequate to show 
oceanographic variability at the required scale (Staneva et al., 2009, Wu et al., 
2011, Young et al., 2011).  
As a result, the development of coastal modelling has come to the fore, with 
resolutions of <1 km within confined bays and inlets. These regional models 
have also undergone a period of evolution as software, hardware and our 
understanding of hydrodynamics have improved. With a need to accurately 
resolve complex coastline and bathymetry, terrestrial runoff and other key 
factors, these coastal models represent a smaller domain but typically have 
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much higher computational requirements than coarse resolution global models 
(Staneva et al., 2009).  
It is on these coastal scales (and smaller) that hydrodynamic models are utilised 
to assess sediment transport and similarly to large-scale models, this is often 
due to unfeasible collection of field data. Typically sediment transport models 
have a specific, localised focus and these can include dispersal of contaminants 
(Callaway et al., 2011a), smothering of commercially important fishery grounds 
(Liu and Huang, 2009), accretion or erosion often objects such as piers and 
pipelines (Morelissen et al., 2003) or the effects of human interference with 
natural currents by introducing structures for marine renewables (Thiébot et al., 
2015). Central to these simulations is the ability to calculate both bed load 
transport, through bed stress and suspended transport, by flow velocity (Wu et 
al., 2011). As discussed, bed stress c (N/m2) controls the intensity and pathway 
of bed transport and is a function of fluid density  (kg/m3), mean current V 
(m/s) and current friction c . Current friction is controlled by water depth and 
bed roughness. These inputs are typically generated within a hydrodynamic 
simulation itself (unless otherwise specified) with the exception of bed 
roughness, which must be provided as an external input in order to improve 
accuracy of model outputs.  
Many of these methods of investigating the seafloor have been applied to 
mapping programs globally (Dong et al., 2011, Ferrini and Flood, 2005, Schimel 
et al., 2015, Shaw et al., 2014, Zhu and Chang, 2000). These have not only 
provided an excellent baseline for future scientific studies, but also an insight 
into sediment transport processes across the shelf. 
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1.2. Recent mapping on The Irish Continental Shelf 
 
The Irish National Seabed Survey (INSS), a joint venture between the Marine 
Institute Ireland (MI) and the Geological Survey of Ireland (GSI), began in 2000 
and started with the outer margins of Ireland’s Economic Exclusion Zone (EEZ) 
and worked inshore to the 200m contour. Split into three zones, ‘Deep Water 
(435,000 km2), ‘Near Shore’ (30,500 km2) and ‘Coastal’ (3000 km2), this €32 
million project required significant resource to complete (www.gsiseabed.ie). 
 
 
Fig. 1.8. Deep water (3), Nearshore (2) and Coastal zones (1) mapped during INSS survey. 
Mapping of area 1 has continued through the INFOMAR program and is still in progress.  
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This survey included not just MBES data, but also magnetic and gravity 
readings, shallow seismics, Conductivity Temperature Depth (CTD) 
measurements of the water column, sidescan imaging and seabed ground 
truthing samples. The result is an excellent baseline dataset, which has 
encouraged development in the field of marine science, as well as revealing 
many untapped resources contained within Ireland’s offshore EEZ. While the 
INSS achieved coverage of 81% of Irish waters, it was identified that a 
successor program would be required to map the commercially significant 
inshore waters and embayments.  
As a result, in 2006, the INtegrated mapping FOr the sustainable development 
of Ireland’s MArine Resource began. Similar to the INSS, a range of 
methodologies and equipment are utilised as part of INFOMAR’s ongoing 
survey. Due to the nature of MBES survey methods and narrowing swath widths 
in shallower water depths, this program was a great deal more labour intensive 
despite covering a smaller (125,000 km2) area (www.infomar.ie, 2016).  
The resulting data has also been utilised by associated projects such as the 
European Marine Observation and Data Network (EMODNET) and the Mapping 
European Seabed Habitats (MESH) programs. The most significant of these 
associated projects to this thesis is the Joint Irish Bathymetric Survey (JIBS). 
This joint project between the Maritime Coastguard Agency, Marine Institute 
and Northern Ireland Environment Agency was funded by INTERREG IIIA and 
was intended to provide a baseline bathymetric dataset to not only update 
hydrographic charts of the area but also as a resource for multiple stakeholders 
such as maritime archaeologists and marine renewable engineers. Spanning 
April 2007 to October 2008, the JIBS survey achieved full coverage multibeam 
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data up to 3 nautical miles offshore between Fanad Head (Co. Donegal, 
Republic of Ireland) and Torr Head (Co. Antrim, Northern Ireland) (Westley et 
al., 2011). 
 
Fig.1.9. Bathymetric data from JIBS survey. Stretching from Fanad Head in the west to Torr 
Head in the east, depths range from <10m to 280m. Figure modified from (Westley et al., 2011).  
 
This data revealed a wealth of bedforms, shipwrecks, geological structures and 
insight into archaeologically significant submerged landscapes (Plets et al., 
2011, Westley et al., 2011). It has also been utilised as a baseline dataset for 
site selection of potential marine renewable engineering projects (Rourke et al., 
2010). The north Irish shelf is the north westerly extreme of the European shelf 
margin with the Atlantic Ocean. Flanked by the Rockall Trough to the west, and 
the Malin Deep to the north (Fig. 1.10), the shelf extends east to the Scottish 
coast and the narrow North Channel entrance to the Irish Sea (Dunlop et al., 
2011, O'Cofaigh et al., 2012, Xing and Davies, 1998). MBES mapping 
programmes have revealed detailed insight into the variability in depth across 
the study area. To the west, depth ranges down to 200 m at the shelf break, 
where a steep decline in bathymetry reaches maximum water depths of ~3000 
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m in the Rockall Trough (Sacchetti et al., 2011). To the north, a less marked 
decline into the Malin Deep extends down to 250 m water depth (Szpak et al., 
2012). Moving east towards the Scottish Hebrides, the shelf narrows (<15 km) 
(Cooper et al., 2002) and water depth varies reaching a maximum of 250 m 
close to the North Channel. The waters surrounding Ireland also contains a 
multitude of islands, 27 of which are on the north Irish shelf (www.infomar.ie, 
2016). These islands present not only an often dramatic change in bathymetry, 
but also a controlling factor on localised currents (Pingree and Maddock, 1979, 
Rourke et al., 2010). 
 
Fig.1.10. Extent of study area on the north Irish shelf. The shelf break to the west is marked by 
a sharp increase in bathymetry. The narrow North Channel and Irish Irish Sea are included to 
provide context to hydrodynamic regime discussion. Bathymetry is derived from INSS, 
INFOMAR and GEBCO data sets (www.gsiseabed.ie, www.infomar.ie, 2016, IOC et al., 2003) 
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The high resolution of these data sets has also revealed previously unidentified 
features on the seafloor including glacial formations, which have significant 
effect on seafloor morphology across much of the shelf. The identification and 
orientation of these glacial features is key to the reconstruction of the British 
Irish Ice Sheet extent and has revealed an extensively glaciated shelf on which 
ice coverage extended to the shelf break (Benetti et al., 2010b, Dunlop et al., 
2011, O'Cofaigh et al., 2012, Sacchetti et al., 2012). The result is a large 
volume of glacial material distributed widely across the shelf. During analysis of 
geophysical data for glacial features, modern, potentially active sediments and 
bedforms were also identified (Dunlop et al., 2010). Grouped into sand ribbons, 
sand patches and sediment waves, these ‘modern’ bedforms were assumed to 
be active (Dunlop et al., 2010). 
 
1.3 North Irish Shelf Sediment Transport 
 
As with the oceanographic investigations on the north and west Irish shelf, 
sediment transport research in this area has been sparse in comparison to 
other Irish waters. The early work of (Kenyon and Stride, 1970) represents the 
only sediment transport study which encompasses the entire study area 
presented here. This extensive survey mapped distribution of bedforms, 
primarily sand ribbons and sand patches on the north Irish shelf. The orientation 
of the majority of these bedforms enabled the identification of a bed parting 
point north of Lough Swilly with an easterly migration pattern west of this point. 
To the west, pathways are less well defined but generally follow the coastline 
and depth contours. As noted previously, not all bedforms matched the principle 
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tidal current regime and were identified as relict feature from previous tidal 
conditions or having an additional formative parameter(s). Lastly, it was 
suggested that the combination of currents and bedforms meant that sandy 
sediments were accumulating and trapped on the Malin Shelf (Kenyon and 
Stride, 1970). Other comments on transport potential mechanisms come from 
investigations focused on other fields such as ice sheet advance and retreat 
research. These are typically based on assumptions derived from bedform 
asymmetry, e.g. the classification of ‘active’ bedforms on the southern edge of 
the Malin Deep by (Dunlop et al., 2011). While there have been numerous 
sediment transport studies in the inshore relating to areas of soft coastline, 
some of which discuss an offshore sediment budget, recent shelf scale studies 
have been limited to the hydrodynamic simulations of (Davies and Xing, 2002). 
As a result, knowledge of sediment transport on a shelf scale is limited.  
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 Fig, 1.11. (Belderson et.al., 1982), (A) Generalised transport paths based on tidal data and 
bedform geometry. Note the Bed-load parting occurrence on the north Irish shelf. 
(B) Classification of bedforms identified in side scan sonar data. Orientation of symbols 
indicates inferred direction of advance based on bedform asymmetry.  
 
Many of the scientific cruises on the north Irish shelf collected backscatter and 
sedimentary data as part of their research campaigns. The result is full 
coverage, backscatter data complimented by a wide distribution of point 
sedimentary data with which to infer surface sediment composition. As a 
consequence, backscatter data has revealed distribution of hard and soft 
sediment across the entire shelf, albeit without defining the sediment 
composition. Much of the backscatter response across the shelf is high, 
suggesting exposed bedrock, pebbles and gravels are prevalent. Localised 
patches of low response do occur. These softer sediments are confined to the 
Malin Deep area, a large bathymetric depression occurring around 55º20’N, and 
isolated patches to the southwest of the study area.  
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Fig. 1.12. Bathymetric map of the north west Irish shelf with depths ranging <10 m inshore to 
220m at the shelf break. Distributions of main glacial moraines are included for context. 
Location of sediment samples used for backscatter classification are also indicated.  
 
Due to the nature of backscatter data, only the seafloor surface component of 
the signal is insonified which can result in underlying sediments becoming 
masked by a thin drape of differing grain size (Goff et al., 2000, McGonigle et 
al., 2009). As a result, the acoustic response you may associate with the glacial 
sediments of a large moraine, typically comprised of tightly packed diamict, may 
be masked by a drape of modern sandy sediments. On such a heavily glaciated 
margin it is important to consider the interaction of modern sediments with 
underlying glacial formations, especially if these interactions modify key 
indicators of ice sheet progression or regression (Dunbar et al., 1985). 
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1.4 Oceanography and hydrodynamics 
 
Measuring hydrodynamic forces and oceanographic processes that occur 
across the Irish shelf is complicated by the highly energetic nature of the NE 
Atlantic (Cooper et al., 2004, Lozano et al., 2004), making the deployment of 
vessels and equipment hazardous. The tidal range in north Irish shelf range is 
from microtidal (<2 m) to mesotidal (<4 m) and are dominated by the M2 and S2 
phases (Cooper et al., 2004, Uehara et al., 2006). These tidal ranges coupled 
with frequent storms, mean that this part of Irish coastline is exposed to high 
energies of 1011- 1012 J/m/y (Jackson et al., 2005).  
 
Fig. 1.13 Distribution of tidal ranges (m), wave heights (m) and energy (J/m/y) around the Irish 
coast. Adapted from (Jackson et al., 2005). The study area largely experiences Mesotidal 
ranges <4 m.  
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As a result, investigations into the oceanography of the waters north and west 
of Ireland historically have been significantly fewer, lower in resolution and 
constrained by seasonality in comparison to other Irish shelf regions (McMahon, 
1995, White and Bowyer, 1997). The result is a lack of detailed understanding 
of shelf processes on the west and north Irish shelf (Raine, 2014). The in situ 
Conductivity Temperature Depth (CTD) transects from sampling campaigns in 
the early 90’s did however reveal a strong thermohaline front separating coastal 
and oceanic waters on the shelf (McMahon, 1995). From year round sampling it 
also became apparent that seasonality has significant effects on the shelf’s 
hydrodynamic regime (Pingree et al., 1999). This requirement for higher 
resolution, inter-seasonal data, coupled with the adverse weather conditions in 
winter months, resulted in a reliance upon remote sensing to study 
oceanographic conditions in the area (Fernand et al., 2006; Inall et al., 2009; 
Pingree & Sinha, 1999). The Langrangian and Eularian floats, CTD’s and 
Acoustic Doppler Current Profilers (ADCP’s) utilised in these various campaigns 
presented a more complete picture of oceanographic processes on the Irish 
Shelf. (Fernand et al., 2006) attributed between 13-25% of surface flows to wind 
forcing, highlighting the influence of tides and long standing current regime on 
water movement in the area. However, it is also clear that the complexity of 
coastline on the west and north coast of Ireland, including outlying islands, 
creates significant localised effects on water transport which are difficult to 
quantify in a large scale investigations (Pingree and Maddock, 1979).  
Aside from seasonal variation, the most prominent oceanographic feature 
associated with the western Irish shelf is the European Slope Current (ESC). 
Described as a relatively warm and saline flow (Hill and Mitchelson-Jacob, 
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1993), the ESC was first described in oceanographic studies without being 
recognised as a current (Booth and Meldrum, 1987, Gowen et al., 1998), or 
identified as a permanent feature on the shelf (McMahon, 1995). As a result, 
the ESC received little attention until the late 1990’s (White and Bowyer, 1997).  
 
Fig. 1.14 The extent of the European Slope Current evidence by sea surface temperature in ºC 
(SST). The flow (green) can be seen following the shelf break along the west of Ireland and 
extending north onto the Hebridean Shelf. Modified from (Xu et al., 2015).  
 
As frequency and resolution of seagoing investigations increased west of 
Ireland, further knowledge of the ESC was developed. This poleward moving 
current flows towards the Norwegian Sea and closely follows the shelf edge 
west of Ireland for some 1600 km (Fig. 1.14) with increasing current speeds in 
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excess of 0.66 ms-1(Inall et al., 2009, Pingree and Le Cann, 1989, Pingree et 
al., 1999). (White and Bowyer, 1997) noted that this northward movement, 
coupled with bathymetry, creates a mean offshore current component, 
impacting sections of the shelf in proximity to the shelf break. This has particular 
significance for offshelf / downslope processes. Intrusions of this current onto 
the north Irish shelf are also documented (Fig. 1.15). These intrusions typically 
occur between 55ºN and 56ºN and in winter months (Souza et al., 2001). The 
result is a current with the potential to have influence on cross shelf fluxes 
(Huthnance, 1995) and act as a rapid transport mechanism (Fernand et al., 
2006). 
 
Fig. 1.15 Location of example and bathymetry in metres (left). Intrusion of the ESC onto the 
shelf illustrated by the light blue band ~ 0.2 m/s (right). Adapted from (Lynch et al., 2004). 
 
While these investigations improve our understanding of shelf oceanographic 
processes and the resulting data provides a means with which to validate and 
calibrate satellite imagery and hydrodynamic model outputs, there is still much 
to learn. When compared to heavily studied areas such as the Irish Sea, it is 
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clear a more complete understanding of oceanographic processes off the west 
coast of Ireland is still being developed. The methods of remote sensing 
employed in many of the studies mentioned typically concentrate on the upper 
layers of the water column and as such do not provide some of the key 
information required when considering near seabed processes. Likewise, while 
many plankton, CTD and hydrodynamic model investigations on the north Irish 
shelf generate data from the entire water column, the focus of these studies has 
rarely been on the boundary layers adjacent to seafloor. As a result, there is a 
lack of definitive understanding of the formative processes creating some of the 
habitats and features we see on the present-day seafloor.   
Several areas in Irish territorial waters proved both challenging and of great 
interest to modellers, in particular the Irish Sea and the ebb and flow of its tidal 
streams. Early attempts to model hydrodynamics conditions in Irish waters were 
2 dimensional and coarse in resolution, so, while allowing numerical analysis of 
flows at a particular height in the water column, elements such as turbidity, bed 
stress and vertical currents could not be examined (Davies, 1994; Xing & 
Davies, 1996).  These early models did however illustrate the importance of 
tidal phases in coastal waters, in particular, the influence of the M2 and M4 tidal 
harmonics around Ireland (Sinha & Pingree, 1997).  When Young et al. (2000) 
successfully simulated the complex hydrodynamics of the North Channel using 
a 3-dimensional model, numerical analysis of water flows began to show full 
potential for accurately recreating real-world conditions. In an Irish context 
similar 3D models have since been employed by different research disciplines 
to examine complex, shelf edge flows, mixing and internal waves (Xing and 
Davies, 2001) and have identified a seasonal current circulation which has 
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since been linked to the transit of anadromous fish, spawning cycles of 
commercially important species and the appearances of harmful algal blooms 
during the summer months (Lynch et al., 2004). They have also been applied to 
analyse factors driving suspended sediment transport across the shelf (Davies 
and Xing, 2002). 
 
1.5 Investigation Rationale 
In this thesis, existing knowledge of shelf processes, as well as new and historic 
data sets, are utilised in a range of methods designed to improve understanding 
of sediment transport processes on the northwest Irish shelf. These methods 
include: 
 
• The classification of the seafloor sedimentary bedforms according to 
existing nomenclature (Folk, 1954, Stow et al., 2009); 
• The classification of acoustic backscatter data for the extrapolation of 
sediment distribution across the shelf (Goff et al., 2000); 
• Hydrodynamic models of varying scales and resolutions (Young et al., 
2011); 
• Monitoring of the seafloor depths over the time to measure possible 
significant changes in sediment transport (Knaapen et al., 2005). 
While a range of glacial formations on the shelf have been identified, many of 
the modern bedforms have not been classified (Benetti et al., 2010b, Dunlop et 
al., 2010, O'Cofaigh et al., 2012). Allocating a classification scheme to bedforms 
not only applies a standard nomenclature to the formation but also allows 
inferences to be made as to the feature’s formative processes (Belderson et al., 
1982, Li and King, 2007, Van Landeghem et al., 2009b). These include 
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suggestions as to the grain size of sediments and speed of water flow near the 
seabed. By mapping these classifications on a shelf scale it then becomes 
possible to make inferences as to current flow direction, energy and sediment 
type across a much larger area than for which field data exists (Li et al., 2012). 
The extensive backscatter coverage off the north Irish coast gives useful insight 
into the distribution of soft and hard surficial sediments. This data however fails 
to relate this acoustic response (in decibels) to a range of specific grain sizes, 
e.g. an acoustic response of -80 dB will not always identify the same grain size 
of mud across the entire shelf. This is due to a range of factors including 
instrument setup, angle of insonification or water column properties such as 
density. The result is that the same sediment grain size may produce a range of 
dB responses, with better quality data and consistent survey techniques 
providing a less variation in response (Lamarche et al., 2011). It is for this 
reason that the sediment samples distributed across a study area are used to 
ground truth the backscatter response. This enables the creation of a more 
accurate surface sediment map relating to sediment fractions (Goff et al., 2000, 
McGonigle and Collier, 2014). This allows interpretations from bedform 
classification and mapping to be further developed. With more specific 
knowledge of grain size, the velocities and bed stresses required to initiate and 
maintain sediment transport may be better constrained (Thiébot et al., 2015, Wu 
et al., 2011). To calculate bedstress, hydrodynamic models require bed 
roughness as an input for simulation calculations. Models not concerned with 
near seafloor process will typically apply a single averaged roughness value 
across the simulation domain. However, to insure optimum accuracy of 
sediment transport model calculation of bedstress, input values of grain size (or 
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bed roughness) and their spatial variation is key (Davies and Xing, 2002), As 
such, backscatter classification is often important in devising a sediment 
transport specific hydrodynamic model (Liu and Huang, 2009). 
A model originally designed to investigate internal tide by (Xing and Davies, 
1998), was modified to analyse suspended sediment potential by increasing 
vertical layers in the near bed zone by (Davies and Xing, 2002). This modified 
hydrodynamic model developed by (Davies and Xing, 2002) provides insight 
into suspended sediment transport processes both across and off the Malin 
shelf, however it is accepted that the model lacks the detailed description of 
sediment types over the region and as a result is restricted to assessing the 
mobility of just two defined grain sizes . (Davies and Xing, 2002) study is also 
restricted to a single cross-section of shelf at 57ºN, restricting ability to analyse 
transport across the entire shelf. While the entrance to the North Channel has 
been extensively modelled, the north and northwest Irish shelf have not 
experienced the same level of interest (Knight and Howarth, 1999, Xing and 
Davies, 1996, Young et al., 2000).  
Hydrodynamic models encompassing this area have been large scale, with 
resolutions larger than 1.5 km and often with an emphasis on the upper layers 
of the water column (Dabrowski et al., 2014, Lynch et al., 2004). It is therefore 
necessary to develop a shelf scale, hydrodynamic model with sediment 
transport as the focus. Building on the work of (Davies and Xing, 2002), 
increased vertical resolution in the boundary layer should be included. The 
model mesh should also be capable of resolving complex coastline and 
offshore islands due to their significant effects on local currents. Ideally the 
model should also be able to take advantage of the high-resolution bathymetric 
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data and should incorporate spatially varying roughness based on grain size 
distribution. The resulting simulation outputs can then be used to calculate 
areas of potential sediment transport, confirm inferences on bedform migration 
based on asymmetry and identify bedforms which are no longer active (Bøe et 
al., 2009, Terwindt and Brouwer, 1986, Ferrini and Flood, 2005). Given the 
range of hydrodynamic investigations in the area and the types of software 
used, the creation of a sediment specific model as part of this research was 
required. Several factors were taken into account during this selection process. 
Due to budget the software, support and training were required to be low cost. 
Sediment transport specific modules were required to enable analysis of 
appropriate data. A flexible, 3D mesh was required to accurately represent the 
complex coastline and bathymetry of the study area. Lastly there was a 
requirement due to inexperience in hydrodynamic modelling, for the software to 
be user friendly. After assessing multiple models on these attributes, Mike by 
DHI was selected as the software package to model sediment transport related 
hydrodynamic forces on the nor Irish shelf.  
It is understood that while MBES surveys are an accurate method with which to 
map the seafloor, in areas of high sediment mobility these data can quickly 
become obsolete (Knaapen and Hulscher, 2002). While these data may provide 
a baseline from which to infer mobility through analysis of seafloor morphology 
and bedform geometry, the rate of movement can only be speculated on. By 
generating multiple data sets over a time period, this mobility can be better 
quantified (Knaapen et al., 2005). Repeat MBES surveys can provide key 
insights into the migration patterns of bedforms and rate of crest displacement. 
This movement may then be related to flow regime to infer future migration 
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pathways, or to hindcast location and provenance of bedform sediments by 
reconstruction of transport pathways (Barrie et al., 2009). 
 
  
Introduction 
 
46 
1.6 Objectives  
This study utilises a multidisciplinary approach to improve knowledge of 
sedimentary distribution, bedform formation and potential mobility of sediments 
on the north Irish shelf. By building upon the early work of Belderson, Keyon 
and Stride (Belderson et al., 1982, Kenyon and Stride, 1970), and adopting 
modern techniques for predicting and quantifying seafloor change, this research 
focuses on the application of existing data sets to modern sedimentary 
processes and fills knowledge gaps through acquisition and interpretation of 
new datasets for the Irish shelf. To this end, high resolution data from MBES, 
sediment grabs and hydrodynamic models have been combined with insights 
from previous research into the seafloor on the Irish shelf to provide a more 
complete analysis of shelf sediments and their mobility. 
 
The overall scientific goal of this PhD is to map shelf sediments and bedforms, 
identifying potential mobility and migration patterns to further inform our 
understanding of shelf sedimentary processes.    
 
Specific objectives of this PhD research are: 
 
• To map and classify the range of non-glacial sedimentary bedforms on 
the north Irish shelf utilising MBES and seismic data with a focus on the 
potential mobility of these features.  
 
• To analyse backscatter data in conjunction with sediment samples and  
records in order to establish sediment distribution across the shelf. 
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• To generate a hydrodynamic model capable of simulating near seabed 
forces relating to sediment transport at a range of resolutions appropriate 
to features of interest. 
 
• To establish connections between bedform morphology, sediment 
distribution, modelled hydrodynamics and rate of seafloor change over 
time.  
 
 
• To describe sediment transport processes from a shelf to bedform scale, 
examining validity of existing assumptions on bedform formation, mobility 
and the conditions governing shelf sediment distribution and movement. 
 
  
Introduction 
 
48 
1.7 Thesis structure and chapter introduction 
 
This PhD thesis comprises 4 research chapters, which have been published or 
are to be submitted to international peer-reviewed journals. Each chapter was 
written as a stand-alone paper, however they are organised to illustrate an 
evolution of research understanding throughout the thesis. This occurs at two 
scales, one covering large shelf-wide processes, the other focusing on 
individual bedforms. These chapters also show progression from the utilisation 
of existing data and hydrodynamic models, through to the collection of new field 
data and the development of a bespoke model for this research. Each chapter 
addresses at least one of PhD objectives and contains an extensive discussion 
relating to the specific results presented in that chapter. Thus, some repetition 
among chapters, particularly in relation to regional setting, methods and 
scientific rationale, is unavoidable. Some of these papers are published or 
submitted with co-authors. Co-authorship acknowledges a combination of 
financial support, provision of data or research cruise collaboration. Whilst 
valuable support came from co-authors with regard to editorial and 
organisational feedback; all writing, analyses and exploration of discussion 
points for the completion of this thesis are entirely the responsibility of this 
author. 
An additional chapter provides an overview of the work and integrates the 
results of the previous chapters while a final chapter outlines the key 
conclusions and suggests future work. 
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Chapter 2: Bedforms on the northwest Irish Shelf: indication of modern 
active sediment transport and over printing of paleo-glacial sedimentary 
deposits.  
 
Evans W., Benetti S., Sacchetti F., Jackson D., Dunlop P., Monteys X. (2015). 
Bedforms on the northwest Irish Shelf: indication of modern active sediment transport 
and interaction with paleo-glacial sedimentary deposits. Journal of Maps, 11(4), p. 561-
574  
doi: 10.1080/17445647.2014.956820 
 
Chapter 2 presents historic MBES and sedimentary data from the INSS survey. 
While these data have previously been analysed for evidence of submerged 
glacial landforms and sediments (Benetti et al., 2010b, Dunlop et al., 2011, 
O'Cofaigh et al., 2012), no specific interpretation on surficial sediments and 
bedforms has been carried out in these previous studies. This chapter 
highlights how some of the GIS (Geographical Information Systems) mapping 
techniques can be used on multibeam bathymetric and backscatter data to 
chart sediment distribution and classify bedforms at the seafloor. The results 
include a map of 5 main shelf sediment types derived from 20 m-resolution 
MBES backscatter data and grab-sample sedimentary data. In addition, 8 
depositional and 2 erosional bedform types are identified and described in 
detail. The combination of bedform geometry, sedimentary composition and 
knowledge of prevailing shelf currents has allowed inferences to be made on 
the mobility of the mapped features. Together with the backscatter 
classification, this enables a comprehensive discussion of modern shelf 
sedimentary processes and how they may interact with underlying glacial 
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features. As a result, this chapter creates the background datasets and working 
hypotheses for the remaining chapters.  
 
Chapter 3: Bedform migration on a high-energy coast: examples from the 
north Irish shelf.  
 
Evans, W., Benetti, S., Sachetti, F., Jackson, D., Lyons, K. Bedform migration on a 
high-energy coast: examples from the north Irish shelf (Submitted to Earth Processes 
and Landforms). 
 
In Chapter 3 the results of repeat bathymetric surveys at selected sites on the 
north Irish coast are presented. These surveys include MBES data from the 
JIBS project, several University of Ulster’s student training cruises and 138 km2 
coverage gathered at the two specific study sites by the author as part of the 
Irish National Development Plan Shiptime Grant Awards. Time lapses ranging 
between 2 and 9 years were analysed for change in both the horizontal (2 m 
resolution) and the vertical (+/- 50 cm confidence). Sediment wave crest 
displacements were measured to quantify horizontal sediment movement; while 
surface difference models gave indication of net sediment transport at each 
site. High-resolution (1 m) backscatter data coupled with an intensive sediment 
sampling strategy enabled the generation of sediment distribution charts for the 
area at an unprecedented scale. Rates of movement and sediment type were 
then integrated with hydrodynamic data from the Marine Institute of Ireland’s 
Regional Ocean Model (ROMS) to allow initial inferences to be made as to the 
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forcing factors acting upon these bedforms. These are tested in the following 
chapters by ad-hoc hydrodynamic modelling. 
 
Chapter 4: Hydrodynamic modelling of bedform formation and sediment 
transport: insights into modern and relict bedforms.  
 
Evans, W., Benetti, S., Jackson, D., Lyons, K., Dabrowski, T. Hydrodynamic modelling 
of bedform formation and sediment transport: insights into modern and relict bedforms. 
 
Chapter 4 focuses on simulated outputs from the hydrodynamic model Mike by 
DHI, which was developed as part of this research. To meet the requirements of 
the model setup, simulation domain encompasses areas of the Rockall Trough, 
Malin Sea, Inner Hebrides and approaches to the Irish Sea. In contrast to many 
previous models within this area, the simulation methodology outlines a setup 
bias towards resolving flows in the seafloor boundary zone. These outputs, flow 
velocity and bed stress are then examined in relation to the sediment 
distribution and bedform morphologies discussed in Chapter 2. In general, 
lower flow velocities coincide with decreased grain size across the model 
domain with increased flow in inshore areas potentially accounting for the 
prevalence of coarser material. The simulated hydrodynamic forces corroborate 
well with bedform classifications in Chapter 2, with less mobile, rounded crest 
sediment waves typically undergoing periods of lower energy exposure than 
those interpreted as more active. Simulations over bedforms identified as 
potentially relict suggest that hydrodynamic forces are not elevated enough to 
initiate or maintain transport of sediments in these areas.   
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Chapter 5: Integration of high-resolution hydrodynamic modelling and 
time-lapse bedform migration on the north Irish shelf. 
 
Evans, W., Benetti, S., Jackson, D., Clarke, S., Sacchetti, F, Lyons, K. Integration of 
high-resolution hydrodynamic modelling and time-lapse bedform migration on the north 
Irish shelf.  
 
In this research chapter bedform migration rates measured in Chapter 3 are 
combined with a high resolution (2 m) computational mesh adapted from the 
model in Chapter 4 to enable analysis of the relationships between current flow 
and sediment transport over two selected areas. Area A is located between 
7º19W and 6º51W in waters ranging from 20 m to 50 m deep. The bedform of 
interest comprises of a series of giant sandwaves reaching amplitudes of 20 m 
and is composed of coarse sand. In this area, high resolution modelling 
provides insights into flow agreement with sandwave asymmetry, examines 
causes for breakdown in crest profile, identifies the pivot point around which 
these sediment waves appear to rotate and explores the relationships between 
flow and measured migration rates (up to 7.7 m yr-1). Area B, located between 
6º30W and 6º45W extends up to 9 km offshore and is characterised by a range 
of sediment waves centred around a rocky reef known as ‘The Ridges’. There 
are a wide range of sediment types and migration rates in this area. High-
resolution model data reveals most sediments may be mobilised during periods 
of peak hydrodynamic energy but not during peak conditions. While 
bidirectional flow occurs across the site, it is the directionality of these peak 
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flows that are suggested as the primary factor controlling migration throughout 
the area.  
 
Chapter 6: Discussion 
In this chapter, the main findings from the 4 research chapters are developed 
and discussed. Sedimentary records of oceanographic currents are presented, 
previous locations of sediment pathways are challenged, bedforms in unique 
hydrodynamic environments are identified and assessments of bedforms as 
relict or active are made. This necessitates the inclusion of relative sea level 
research for the north Irish shelf. These discussions are supported not only by 
the data created as part of this research, but through comparison to 
investigations carried out in similar shelf environments.     
 
Chapter 7: Conclusions 
Chapter 7 draws together the key outcomes of the research that have been 
developed through the 4 research chapters and discussion. Some implications 
for marine stakeholders on the north Irish coast have been suggested and 
avenues of potential further work have been identified.
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overprinting of paleo-glacial sedimentary deposits 
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2.1. Introduction 
Irish territorial waters have long been of interest to researchers in the field of 
oceanography and marine sedimentology (Van Landeghem et al., 2009b). The 
high energy wave climate and combination of outlying islands and complex 
coastline have created some of the highest current velocities in western Europe 
(Rourke et al., 2010). It is therefore of little surprise that early investigations into 
sediment dynamics on this shelf identified sedimentary bedforms varying in 
composition, amplitude and morphology (Kenyon and Stride, 1970). Recent 
efforts to map Ireland’s Economic Exclusion Zone (EEZ) using modern 
multibeam technology and other techniques have provided further detail as to 
the type and distribution of these formations. This detail has provided the 
baseline dataset for much of the research in this thesis.  
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Given the extent of the Ireland’s EEZ, a realistic evaluation of the country’s 
underwater resources required significant effort. This resource mapping took 
the form of the Irish National Seabed Survey (INSS, 1999—2005), which was 
carried out to International Hydrographic Organisation standard 1A (IHO, 2008). 
This programme utilised a variety of marine survey techniques, including 
multibeam echosounder (MBES) bathymetry and backscatter, sediment ground 
truthing, and sub-bottom profiling which provide primary datasets for this 
research. The survey has produced high resolution, ground-truthed, bathymetric 
and backscatter datasets, encompassing much of the Irish territorial waters, 
allowing insight into shelf geomorphology to a level of detail and certainty 
previously not possible. On the northwest Irish shelf, landforms interpreted as 
having glacigenic origin, mainly moraines, drumlins and iceberg scours, have 
been previously mapped, providing new insights into the extension and retreat 
of the former British Irish Ice Sheet (Benetti et al., 2010b, O'Cofaigh et al., 
2012). While these large-scale, glacial deposits are an important element of the 
seafloor architecture; they are relict features and therefore provide no 
information on modern day shelf processes in this area. To understand 
contemporary shelf sedimentary processes, bedforms such as sand waves 
must be mapped and examined, as they can provide vital information on current 
and tidally-induced sediment movements (Bøe et al., 2009). The main map (Fig. 
2.11) presented here at 1:225,000 scale shows the spatial distribution of the 
main bedforms on the northwest Irish shelf. This and other figures will be used 
to discuss the sedimentary processes that operate on the shelf at a variety of 
spatial scales. 
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2.2.  Data and Methodology 
2.2.1  Multibeam Bathymetry and backscatter 
Multibeam data used in the creation of this map were acquired during 12 
separate surveys between 2003 and 2005 aboard R.V. Celtic Explorer as part 
of the INSS programme (Fig. 2.2a). The Simrad EM1002 system was used for 
acquisition, operating at frequencies between 93 kHz and 95 kHz. This unit 
utilises 111 beams typically configured at a fixed angular coverage between 55 
and 70, dependant on water depth. In optimum conditions, the EM1002 is 
capable of resolutions in the order of centimetres. However, the variations in 
weather conditions during the surveys from which this data was derived can 
adversely affect MBES quality. As part of post processing, the Marine Institute 
determined a resolution of 10 m was the most realistic grid size obtainable from 
swath surfaces taking into account data quality. This resolution allows removal 
of spikes and other issues related to relatively poor data quality in some surveys 
yet is sufficient to map many of the large and medium scale landforms on the 
shelf and so was adopted for use in this investigation. On board navigation 
systems compensated fully for pitch, heave and heading. Sound velocity 
profiles (Fig. 2.1) and tidal gauges were also utilised to take into account water 
density variation and tidal corrections to allow for how these variations effect the 
accuracy of bathymetry measurements and to maintain IHO 1A standards (IHO, 
2008).  
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Fig. 2.1. Measurements acquired by AML Oceanographic and Valeport sound velocity profiler at 
sediment furrows shown in Fig. 2.9. Sound velocity varies rapidly between 0 m and 20 m. There 
is a steady decrease in velocity down to 60 m, this is the limit of the pycnocline. In depths 
beyond 60 m, velocity increases, most likely due to increased density and decreased 
temperature. In a well-mixed environment, less variation in sound velocity would be observed.  
 
These measurements are particularly important in summer months where 
stratification of water densities is known to occur on the Irish north coast due to 
reduced wave energy (Gowen et al., 1998). Both bathymetric and backscatter 
values were derived from the acquired data and were processed at the Marine 
Institute Ireland initially with Caris HIPS & SIPS v5.3. Elements of this work 
represent an attempt to improve this backscatter data, with further processing 
carried out using Caris HIPS & SIPS v7.1 at University of Ulster. The result is 
an improvement in the quality of backscatter mosaic for sediment classification. 
The resultant datasets were gridded to 10 m resolution and imported into IVS 
Fledermaus v7.0. A vertical exaggeration of 6 was utilised to assist visualisation 
of bedforms and a range of azimuths and shading settings were employed to 
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avoid azimuth bias. Profiling tools were also used to gather values for the 
geometric properties of features such as wavelength and amplitude. Raster 
grids were imported into ESRI ArcGIS v10.1 to enable mapping, further 
interrogation, and ease of data set integration.  
 
Backscatter derived from MBES signal is important when considering the 
physical properties of the seafloor. It displays variation in sediment hardness 
and can aid identification of features observed in bathymetric data (Lamarche et 
al., 2011). As the backscatter data has been extracted from MBES data 
collected on different surveys, the mix of weather conditions, depths and system 
configurations at time of survey can have a marked effect on the outputs from 
any processing methodology (McGonigle et al., 2010b). Artefacts remaining in 
the backscatter mosaics reflect the difficulties in compensating for this. Data 
were processed using the Geocoder algorithm in CARIS HIPS & SIPS v7.1 
(Fonseca et al., 2009). Raw backscatter images were processed into 
Georeferenced Backscatter Rasters (GeoBaRs) to allow initial viewing and 
image quality assessment of data. GeoBaRs also allow the correction of 
artefacts across an entire data set, rather than on a line by line basis. This is 
useful when considering the range of surveys and system configurations 
previously mentioned. Adaptive Angle Varied Gain (AVG) was applied to 
normalise gain across the data to correct ‘banding’ and angular artefacts while 
a moderate despeckle setting was applied to reduce image noise. dB 
histograms were then modified using the software’s auto-adjust script, and lines 
mosaiced using a blending algorithm and exported into IVS Fledermaus 7.1 and 
ESRI ArcGIS v10.1 in gridded formats.  
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2.2.2  Sediment Samples  
The Geological Survey of Ireland (GSI) sediment database is a collation of 
sediment descriptions gathered as part of multiple cruises in Irish waters, using 
a variety of sampling methods. 466 entries from the database relevant to the 
study area were extracted, converted to UTM 29N co-ordinates and imported 
into ESRI ArcGIS v10.1. Recorded sediment sample descriptions include data 
from a range of grabs and corers, as well as visual interpretation from video 
transects. These entries are included in the GSI database and it is assumed 
that the information provided was collected using appropriate geological 
methods and have been properly logged, taking into account the effects of 
wind, tide and other factors on sampling location accuracy.  
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Fig. 2.2. (a) Bathymetric map of the northwest Irish shelf gridded at 10 m resolution. Distribution 
of glacial moraines from (Benetti et al., 2010b) and (Dunlop et al., 2010) are shown. Sediment 
sample locations used for backscatter classification are indicated. Remaining figure locations 
are included for context. (b) Bathymetric map with arrows illustrating residual flow direction in 
top 30 m gathered by floats (Fernand et al., 2006) and simulated using numerical modelling 
(Lynch et al., 2004, Xing and Davies, 2001). Higher velocity flows are indicated by longer 
arrows and are evident close to the shelf break. 
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2.3 Geophysical Data Processing 
2.3.1  Bathymetric Derivatives 
Elements of the Benthic Terrain Modeler (Wright et al., 2012) for ArcGIS v10.1 
were used to further investigate the complexity and geomorphology of the 
survey area. Slope angle (degrees 0- 90) and aspect (downslope direction 
expressed as compass points) were calculated. A rugosity chart was then 
produced to give an overview of the variance in slope and aspect in one single 
measure, scaling from 0 (no variation) to 1 (complete variation). These charts 
provided inputs for additional analysis of seafloor geomorphology utilising 
Bathymetric Position Indices (BPI). BPI is a second-order derivative of the 
bathymetry and defines elevation relative to the entire MBES data set. It defines 
flat areas (zero values), elevations (positive values) and depressions (negative 
values) in terms of relationship to the sections of seafloor nearby rather than as 
part of a continuous scale  (Micallef et al., 2012). BPI is typically calculated at 
both broad and fine scales (Fig. 2.3) and then standardised to allow for 
comparison of outputs (Plets et al., 2012). The area and resolution of the MBES 
data used dictated broad-scale BPI values of 25 m (inner ring radius) and 50 m 
(outer ring radius) to create a suitable scale factor of 1250 to analyse large shelf 
features such as moraines.  
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Fig. 2.3. Diagram illustrating the uses of both fine (upper) and broad (lower) scale BPI to identify 
seafloor features. In the case of the northwest Irish shelf, fine scale BPI was used to identify 
individual sandwave crests while on a broad scale, larger features such as moraines were 
highlighted (Verfaillie et al., 2007). 
 
Fine-scale BPI was adjusted to 4 m (inner) and 6 m (outer) resulting in a scale 
factor of 400 which is better suited to identifying smaller features such as 
individual sediment waves. These data have been utilised during the mapping 
and classification of bedforms, allowing crest lines to be more accurately 
defined and mitigating azimuth bias that may occur with bathymetric data of this 
type.  
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2.3.2  Backscatter classification and ground-truthing 
Classification of backscatter was carried out to map sediment distribution on the 
shelf by combining information from sediment samples and acoustic response. 
Like BPI, backscatter signal may also be used to inform geomorphological 
mapping, for example, when defining a sandy, low response bedform, 
surrounded by harder high backscatter substrates. In these instances, bedform 
boundaries are much more clearly defined and thus can be digitised more 
accurately. It can also highlight bedforms that are not immediately obvious in 
bathymetric data, such as thin sand patches draped over bedrock (Goff et al., 
2000). Backscatter classification is key to the interpretation of shelf wide 
formations and is the best way to infer sediment distribution between sample 
locations (Lamarche et al., 2011, McGonigle and Collier, 2014). 
Initial attempts to conduct a signal-based classification, based on raw data and 
processed in software such as Fledermaus FMGT, were unsuccessful. As 
previously stated, issues with inconsistency across data sets which cover the 
survey area were compensated for by processing and mosaicing into 
backscatter images. Signal based classification relies on good quality raw data 
to provide a realistic interpretation of sediment characteristics (Brown et al., 
2011, McGonigle et al., 2010a, Rzhanov et al., 2012). This level of quality was 
not present in the raw data collected and and for this reason, an image based 
approach was adopted. 
The validity of unsupervised classification of backscatter (and similar image 
based data) has been queried due to uncertainty of the number of 
classifications, or clusters, which should be used. A common approach to image 
based marine habitat mapping is to combine this unsupervised classification 
Bedforms on the northwest Irish Shelf: indication of modern active sediment 
transport and overprinting of paleo-glacial sedimentary deposits  
 
64 
with a ‘signature’ based approach which provides a supervised element to the 
process and accounts for the clustering issue (Stephens and Diesing, 2014). 
This approach has been adopted in this research as it is has proven to be an 
effective method for image-based classification in a habitat mapping context. 
(Varela et al., 2008) and (Shanmugam et al., 2003) utilised an isocluster 
classification process to map terrestrial habitat types to great effect, particularly 
in coastal dune environments. Maximum likelihood classification approach to 
classification has been used to great effect in the marine environment 
(Ierodiaconou et al., 2011), in Venice lagoons to investigate sponge/sediment 
relationships (Gavazzi et al., 2016) and in the Irish Sea to map habitat type in 
commercially significant fishing grounds (Calvert et al., 2015).  
Utilising these proven approaches to classification, an ArcGIS spatial analyst 
routine ‘isocluster unsupervised classification’ was used to create a signature 
file containing 5 classes. A ‘maximum likelihood’ classification from the ArcGIS 
‘multivariate analysis’ toolbox then used this signature file to classify the 
backscatter response data into clusters with some linear artefacts included due 
to the automated process for digitisation. These occur at the boundary of survey 
legs and are related to changes in equipment settings. These clusters were 
then manually assigned a sediment type based on ground truth data obtained 
from the Geological Survey of Ireland’s sediment database.  
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2.4  Results 
Bedforms identified on the seafloor have been mapped based on geometry, 
sedimentary composition and backscatter response and have been classified 
based on these measurements using existing research (Barnard et al., 2013, 
Cataño-Lopera and García, 2006, Knaapen et al., 2005, Van Landeghem et al., 
2009b). These bedforms were then further grouped as depositional or erosional 
features. While it is recognised that bedforms fall within a continuum of 
morphologies which change depending on sediment type, flow velocity and 
other factors, these groupings are often examined when considering the 
formative forces creating each bedform type (Hanquiez et al., 2007b, Stow et 
al., 2009, Wynn and Stow, 2002). This is particularly useful in a shelf sediment 
transport context as it also allows inferences to be made as to the 
hydrodynamic flows which are driving the formation and movement of the 
bedforms (Kuijpers et al., 2002, Masson et al., 2004). Depositional bedforms, 
such as barchan dunes and sand ribbons, and erosional features in the form of 
furrows and lineations have been identified. The current velocities which these 
beforms are associated with are also discussed  (Belderson et al., 1982, 
Hanquiez et al., 2007b, Stow et al., 2009). Bathymetric derivatives have been 
utilised to further verify classifications made based on morphology and to 
mitigate user error due to azimuth bias. 
2.4.1  Elevation 
Shelf-wide Bathymetric Position Index (BPI) (Fig. 2.4), displays areas of 
elevation, depression and flatness. Areas of elevation and depression in close 
proximity identify parts of the shelf with increased rugosity. This may be in the 
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form of bedforms or exposed bedrock. It also highlights offshore small-scale 
anomalies across the shelf, some of which have been identified using 3D 
visualisation software as shipwrecks  (Brady et al., 2012, Plets et al., 2011). BPI 
was particularly useful for mapping sedimentary features on northwest Irish 
shelf as it allowed the detection of features at a range of scales. This approach 
also represents the first steps of an automated approach to object and bedform 
identification across this area of seafloor. Large-scale seafloor architecture (e.g. 
moraines) is visualised, as well as smaller scale features, such as the mapped 
sand ribbons (Fig. 2.4). Individual crests and troughs of sandwaves are also 
defined. This enabled measurement of wavelength and to accurately digitise 
crestlines in ArcGIS 10.1. This means of crest detection also form the 
preliminary steps of an automated approach to measuring migration detailed in 
Chapter 3 of this thesis. 
  
Bedforms on the northwest Irish Shelf: indication of modern active sediment 
transport and overprinting of paleo-glacial sedimentary deposits  
 
67 
  
 
Fig. 2.4. Broad scale BPI as a means to identify features on a shelf scale. Green colouration 
represents area of relative depression while red illustrates elevation. Sand ribbons, drumlins 
and a large moraine are illustrated. White areas define sections of seafloor beyond survey 
coverage.  
2.4.2  Sediment distribution 
 
Backscatter mosaics give good indication of the variability of substrate hardness 
across the shelf. Soft sediments are characterised by dark coloured, low 
backscatter values. High backscatter values, brighter in colour, correspond to 
harder substrates such as coarse-grained sand, gravel and bedrock (Figs. 2.5 
and 2.6).  
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Fig. 2.5. Example of backscatter response to differing surface sediments. Soft sediments, muds 
and fine sands are characterised by dark coloured, low backscatter values. Light coloured, high 
backscatter response indicates hard material, typically gravels, cobbles and bedrock. This is the 
typical response across the shelf with soft sediments occurring in localised pockets. Backscatter 
imagery indicates that the erosional processes that have created furrows have revealed coarser 
material (light) underlying the dark coloured sand ribbons (inset). 
 
This research represents the latest in a series of attempts to generate a 
sediment classification map for the north west Irish shelf. As previously stated 
the reduced backscatter data quality and range of equipment used has meant 
this section of shelf has proved particularly challenging to classify on a large 
scale resulting in only bays and single surveys having been processed by the 
GSI (F.Sachetti 2014, pers. comm). Much of the shelf is composed of gravelly 
coarse sand and gravel. Exposed bedrock closer to the shore is also classified 
as gravel with pebbles due to similarities in their backscatter response. The fact 
that exposed bedrock and gravelly material is prevalent water depths shallower 
than 50 m is unsurprising given the increased hydrodynamic energies and 
storm processes associated with shallower water environments of the northwest 
Irish shelf (Dodet et al., 2010, Fernand et al., 2006). 
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Fig. 2.6. Classification of backscatter data carried out in ArcGIS 10.1 using 466 sediment 
sample sites for ground-truthing. Muds and fine sands are confined to deep water and 
bathymetric depressions. Gravels and coarser material dominate much of the shelf with medium 
and coarse sands comprising many of the bedforms mapped. Distribution of these sediments 
can also be linked to the moraines illustrated in Fig. 2.2. 
 
Muds, silts and fine sands are the next most prevalent sediment classification 
type with the most northerly section of the study area, the Malin Deep, 
exemplifying a typical backscatter response to these soft sediments (Fig. 2.5). 
On a shelf-wide scale, silt and fine sand are not evenly distributed across the 
entirety of the study area, but are instead confined to depressions, such as the 
Malin Deep and another smaller area on the mid-shelf at 5520’N (Fig. 2.6). It is 
likely that a local increase in water depth at these locations creates much 
weaker hydrodynamic conditions close to the seafloor, allowing finer sediments 
to settle of out suspension in these areas or not to be winnowed away 
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(Berelson, 2001). Fine and medium grained sands, which comprise sand 
patches and sand waves, are more widely distributed. A large collection of sand 
patches is easily identifiable in the southwest of the study area, spanning from 
the shelf break to 15 km off the Co. Donegal coast at 5505’N (yellow patches 
in Fig. 2.6). Other patches of fine and medium grain sands occur as isolated 
bedforms and are concentrated in the northeast between 719’W and 648’W. 
Also apparent are linear features of varying sediment composition running 
north-south parallel to the shelf edge, sweeping round to the northeast at 
5530’N, where they gain in width and amplitude.  
(Dunlop et al., 2010) identified these wider, light coloured streaks as sand 
ribbons (Fig. 2.5). Closer inspection reveals these ribbons do not present a 
uniform acoustic response and appear to be striped by coarser high backscatter 
sediments (Fig. 2.5 inset). As a result, the classification of these formations as a 
traditional stand ribbon (Belderson et al., 1982, Daniell, 2015, Stow et al., 2009) 
may be open to challenge, particularly given that this striping occurs 
perpendicular to the suggested along ribbon deposition direction. Interestingly 
many of the glacial features identified in previous mapping of the area (Benetti 
et al., 2010b, O'Cofaigh et al., 2012) are not apparent in the backscatter 
classification. Backscatter response is based on the surface sediments only, 
suggesting that these glacial features are draped by more modern sediments, 
masking the signatures of typical glacial sediments. 
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2.4.3  Bedforms 
 
 
Fig. 2.7. Chart illustrating the classification and distribution of bedforms across the northwest 
Irish shelf. including moraines identified by (Benetti et al., 2010b) and (Dunlop et al., 2011). 
Bedforms identified as part of this research can be seen overlapping these moraines, White 
areas indicate areas where modern depositional and erosional bedforms were not mapped.  
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2.4.3.1 Depositional Bedforms 
 
Sediment Waves 
Sediment waves are confined to a small number of areas on the northwest Irish 
shelf, with most occurring in the Malin Sea between 719’W and 648’W. 
Sediment waves have been measured for amplitude, wavelength and slope 
length and angle, following the methodology of (Van Landeghem et al., 2009b). 
Measurements are compiled in Table 1. The observed variations in amplitude 
and asymmetry aided classification of sediment waves into: trochoidal, 
asymmetric, rounded and isolated waves and barchan dunes. 
 
   Average     
 
 
Amplitude 
(m) 
Stoss 
Angle (°) 
Stoss 
Length 
(m) 
Lee 
Angle (°) 
Lee 
Length 
(m) 
Ratio 
Stoss / 
Lee 
Wavelength 
(m) 
Depth 
(m) 
Barchan Dunes 3.0 2.0 85.9 3.8 49.3 1.74 135.1 48 - 50 
Deeper Water 
Trochoidal 
Waves 
1.0 1.4 42.5 1.2 41.8 1.02 84.3 
126 - 
134 
Rounded 
Trochoidal 
Waves 
1.4 0.6 130.4 0.4 113.0 1.15 243.4 58 - 61 
Giant 
Asymmetric 
Waves 
13.8 3.4 222.3 7.6 104.1 2.14 326.4 24 - 50 
Isolated Waves 2.9 2.9 77.6 4.3 46.5 1.66 124.1 55 - 67 
Rounded 
Asymmetric 
Waves 
2.1 2.7 53.6 2.2 32.8 1.63 86.3 29 - 42 
 
Table 2.1. Average geometries of six classified bedform types on the northwest Irish Shelf. 
 
Due to the nature of their high amplitude, even in a global context (Bøe et al., 
2009, Fenster et al., 1990), the giant asymmetric waves that occur in 30 m 
water depth at 5526’N, 658’W are most striking. They reach amplitudes of 
greater than 20 m and have average wavelengths of 326 m (Fig. 2.8).  
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Fig. 2.8. Oblique MBES data view of Giant asymmetric waves situated in 30 m – 40 m water 
depth. Crests are sinuous in form and are typically aligned southwest- northeast. Extended view 
around the assemblage is included to contextualise the isolation of the bedform on the inner 
shelf. Image width at base is 11 km.  The topographical profile reveals sharp crested, high 
amplitude waves with longer, stoss slopes on the northwest side of the formation. This suggests 
migration in a southeast direction. Bedform location illustrated in Figs. 2.2a and 2.7. 
 
Wave crests are sinuous in form and up to 5 km long. Sediments retrieved from 
the wave crests and slopes show the waves are composed of medium to 
coarse, golden coloured sand with a shell component between 5 and 10%. 
Grabs taken in wave troughs and to the periphery of the formations were 
composed mostly of gravel with a smaller amount of coarse sand. These sand 
waves display the significant asymmetry (the difference in length of lee and 
stoss slope) associated with mobile formations of this type, suggesting 
migration in a southeast direction (Barnard et al., 2013, Belderson et al., 1982, 
Knaapen et al., 2005). 
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Twelve km southeast of these giant asymmetric waves, a field of barchan dunes 
is situated in 40 m water depth. Slightly crescentic in form, these features reach 
maximum amplitudes of 5 m and have typical wavelengths of 135m. 
Backscatter classification (Fig. 2.6) suggests the bedforms consist of medium to 
coarse sand and are surrounded by gravel. This composition and bedform 
geometry lead them to be classified as barchan dunes (Kuijpers et al., 2002, 
Van Landeghem et al., 2009b). These bedforms are associated with sediment-
starved environments and are an excellent indicator of net sediment movement, 
which bedform asymmetry suggests is in a southeast direction (Belderson et al., 
1982).  
Isolated sand waves have also been identified six km east of the giant 
asymmetric waves (Fig. 2.7). Situated in 60 m to 65 m of water, these waves 
reach amplitudes of 4 m and exhibit some scouring at crest edges. Asymmetry 
of these isolated waves is of opposite orientation to both the barchan dunes and 
giant asymmetric waves. This suggests a difference in the prevailing 
hydrodynamic currents in this area to the northwest. 
Other sediment waves have been classified based on crest form, rounded or 
sharp, and wave form, trochoidal or asymmetric (Table 1 & Fig. 2.7). Trochoidal 
or symmetrical waves can be caused by a bedform undergoing equal periods of 
tidal energy from opposing directions. In these cases, waves typically maintain 
a sharp crest form, flexing back and forth with each change in tide (Barnard et 
al., 2013, Knaapen et al., 2005, Van Landeghem et al., 2009b). Another 
hypothesis for symmetry of bedform profile is a reduction in active sediment 
transport. This is typically applied to waves with a rounded crest and gently 
angles slopes (Cataño-Lopera and García, 2006, Knaapen et al., 2005, Van 
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Landeghem et al., 2009b). Factors such as bioturbation or gravity driven 
processes can lead to the breakdown of wave profile over prolonged periods of 
time if no mobilisation via currents occurs. It is suggested these processes 
contribute to a rounding of wave crests and collapsing of asymmetrical form 
(Belderson et al., 1982, Borsje et al., 2008, Le Hir et al., 2007). The latter is a 
probable mechanism for the formation of these symmetrical waves identified on 
the Malin Deep. Sediments in this area are thought to have been deposited by 
the Donegal and Barra fans during deglaciation in this area (Szpak et al., 2012). 
It is possible that these waves formed in the periods following this, and as water 
depth increased to present day (130 m), the hydrodynamic forces reduced, 
allowing gravity and biological processes to lead to a breakdown in wave 
profile. . 
 
Sand Patches 
Patchy distribution of sediment is visible in MBES data, but it is much more 
clearly represented in backscatter classification (Fig. 2.6). Occurring across the 
shelf these sediment patches display amplitudes of 1 m - 2 m above the 
surrounding seafloor. These ragged edged patches occur in larger 
accumulations closer to the shelf break than further inshore. These offshore 
patches consist of fine and medium sand and they are surrounded by gravel 
material. In waters shallower than 60 m, patches appear to be draped over 
exposed bedrock and are smaller in size and thickness. Composed of finer 
sand material than the offshore patches, a good example of an inshore sand 
patch is visible in the backscatter classification at 55º01N, 8º40’W (Fig. 2.6). 
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Elongated Ridges: Sand Ribbons 
Elongated ridges between 300 m and 1200 m wide and extending for 16 km 
have been observed across the northwest Irish Shelf (Figs. 2.3, 2.7 & 2.10). 
The most pronounced of these ridges are 4 m in amplitude and occur south of 
the Malin Deep (5543’N, 819’W) in 90 m water depth aligned parallel to the 
shelf gradient. Other subtler ridges continue further to the south and east of 
these and gradually decrease in amplitude. This morphology is consistent with 
previous mapping of sand ribbons carried out by (Dunlop et al., 2010) and on 
other shelf environments in Spanish (Hanquiez et al., 2007b) and Faroese 
(Masson et al., 2004) waters. Samples taken from the ridges confirm they are 
made of medium to coarse, dark coloured sand with a shell component 
between 10 and 20%. These bedforms are associated with high velocity 
currents (Belderson et al., 1982, Hanquiez et al., 2007b, Masson et al., 2004, 
Stow et al., 2009), with their orientation giving an indication of flow direction. 
This suggests that a long term, stable current is present on the shelf (Wynn and 
Stow, 2002), flowing parallel to the shelf slope similar to the flow patterns 
observed in Fig. 2.2b. 
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Fig. 2.9. MBES data displayed from an oblique view (image base measures 4.5 km). Sediment 
lineations are visible orientated west-east and aligned parallel to each other. Profile illustrates 
subtle profile of these features. Bedform location illustrated in Fig. 2.2a and 2.7. 
 
2.4.3.2 Erosional Bedforms 
 
Lineations 
Subtle lineations (Fig. 2.9) have been identified in bathymetric data and are 
prevalent across the study area. Typically 0.5 m to 1 m in amplitude and 100m 
in width, these low-relief peaks and troughs occur parallel to each other and 
traverse larger, relict, glacial deposits. In the southwest portion of the study 
area, they are aligned southwest-northeast until a gradual change towards a 
west-east orientation is observed at approximately 5530’N. This pattern is 
similar to the direction of simulated bottom currents modelled by (Lynch et al., 
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2004)(Fig. 2.2b). Similar patterns are observed in seafloor sediments in the Gulf 
of Cadiz caused Mediterranean Outflow Water (MOW) (Hanquiez et al., 2007b) 
and in Faroe-Shetland gateway where bedforms change orientation with the 
currents of the Norwegian Sea Overflow Water (NSOW) (Masson et al., 2004). 
These streaks vary in composition from fine sand to gravel. Sandy material is 
concentrated over the large outer moraine and in proximity to the Malin Deep 
(Fig. 2.7). For much of the inner shelf this bedform is represented by coarser 
gravels. This wide range of grain sizes suggests a current of constant 
directionality is reworking any surficial sediments path of flow. While these 
features may be interpreted as either erosional or depositional (Stow et al., 
2009), in this instance (and in agreement with literature), flow parallel 
orientation suggests sediment winnowing, substantiated by the formation of 
sand ribbons of increased fine sediment content at the downstream end of 
these lineations (Hanquiez et al., 2007b, Masson et al., 2004, Weaver et al., 
2000). Thus, erosion is described as the primary formative force for these 
bedforms. 
 
Furrows 
Elongate, sinuous incisions (Fig. 2.10) appear on the southern edges of the 
Malin Deep (5545’N, 818’W). These features are observed bisecting the large 
sand ribbons described in 2.4.3.1. of this chapter.  
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Fig. 2.10. Oblique view of furrows apparent in MBES data at southern edge of the Malin Deep. 
Aligned downslope and in a north-south direction these erosional features are slightly sinuous in 
shape. A vertical exaggeration of x6 has been applied to enhance visualisation of these subtle 
features. Sand ribbons described in 2.4.3.1 aligned northeast-southwest and parallel to shelf 
gradient are also visible. The horizontal distance at the base of this image is 5.2 km. The 
topographic profile indicates the dimensions of typical furrows at their mid-point. Bedform 
location illustrated in Fig. 2.2a and 2.7. 
 
At the peak of the shelf slope, the widest furrows occur in ~105 m water depth, 
are 110 m wide and extend for over 1 km. They generally narrow downslope 
and in some cases close out. While no sediment samples were taken directly 
upon these features, backscatter data (Fig. 2.5) reveals the base of these 
features to be comprised of much coarser material than the sand ribbons. This 
suggests downslope, erosional processes have removed the finer sediments in 
these locations. 
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2.4.3.3. Other Features 
 
Pockmarks  
Circular depressions occur in the Malin Deep (175 m water depth) and are 
distributed across an area of ~400 km2 (Fig. 2.7). These depressions have 
varying slope angles with depths ranging from 1 m to 4 m and diameters of up 
to 300 m. Sediment samples taken in the Malin Deep show that this large 
bathymetric depression is a trap for fine-grained sediments, primarily mud and 
silt with some fine sand. These features have been classified by (Szpak et al., 
2012) as gas and pore water escape features or pockmarks and are found on 
similar coastal shelfs globally (Hovland and Judd, 1988, Hovland et al., 2005, 
King and MacLean, 1970, Paull et al., 2002, Szpak et al., 2012). 
 
2.5  Discussion and Conclusions 
The combination of bathymetric and backscatter analysis of the INSS 
multibeam data sets has revealed the complexity of seafloor morphology and 
sediment distribution on the northwest Irish shelf. Surficial sediments have been 
classified and their distribution mapped in detail. This investigation has 
identified some sediment waves presenting characteristics typical of mobile, 
active bedforms (Belderson et al., 1982, Barnard et al., 2013, Stow et al., 2009, 
Van Landeghem et al., 2012). These include shelf-wide sediment lineations and 
sand ribbons that are typical of continuous, stable and high-energy current 
regimes. Their orientation also correlates well with simulated flows modelled 
and measured (Fig. 2.2b) by (Davies and Xing, 2002) and (Lynch et al., 2004). 
These modern sediments partially bury and traverse relict, glacial deposits. Not 
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only does this mask the acoustic response of these glacial sediments but could 
also alter the apparent morphology of these features via infilling or overprinting. 
It is possible that these modern sediments are also interacting with these older, 
relict deposits through reworking. This is best illustrated by the large outer shelf 
moraine located between 55º0’N and 55º30’N. This suggested moraine has 
gently sloping crests, and wider dimensions and has a segmented arrangement 
that is uncharacteristic of other features mapped as moraines on the Irish shelf 
(Benetti et al., 2010b, O'Cofaigh et al., 2012). Concentration of sandy 
sediments contained within formations such as the lineations in proximity to 
glacial formations e.g. the large outer moraine, suggests that these winnowing 
processes also provide the source of many of these modern active sediments.  
It is likely that this process has been ongoing since the retreat of the British Irish 
Ice Sheet. Relative sea level models indicate a lowstand in the study area of -
41 m ~ 14,500 B.P (Bradley et al., 2011, Brooks et al., 2008, Kuchar et al., 
2012) with (Neill et al., 2010) predicting a tidal range of 8 m at this time. As a 
result, the bedforms on the northwest Irish shelf would have undergone a period 
of transgression and increased bed stresses associated with larger tidal ranges 
and shallower water depths. However, some features, including those close to 
the shelf break and in the Malin Deep, would have been situated in water 
depths exceeding 70 m. Therefore it is probable that these formations were 
beyond wave base interaction, even at the time of lowstand. As a result, there is 
potential that this reworking occurred as a result of mobile sediments under a 
long-standing and relatively strong current regime. Given understanding of shelf 
currents and sediment distribution, it is therefore possible that contemporary 
hydrodynamic conditions are generating sufficient bed stress to currently 
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mobilise many of these formations (Bassetti et al., 2006, Lynch et al., 2004, Van 
Landeghem et al., 2009a) 
Chapters 3 and 4 utilise repeat multibeam surveys, collection or simulation of 
bottom currents and further ground truthing of sediments to provide further 
understanding of active and relict sediment transport on the shelf. Collectively 
this research has implications for the management of shelf resources such as 
aggregates and substrates important for spawning of commercially important 
fish species. It can also inform the siting of marine engineering projects (Rourke 
et al., 2010) and associated cabling. 
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2.6. Map Design 
The area chosen for this map (Fig. 2.11) was selected based on quality of data 
and the extensive mapping of glacial formations already undertaken in the 
area. These factors provide an excellent platform upon which to further 
examine shelf through mapping of modern sediments and examine possible 
interactions with older sediments. Bathymetry data was not included on the 
main chart for the sake of clarity given the large number and wide distribution 
of elements mapped. It is felt that the inclusion of isobaths compensates well 
for this exclusion. Moraines identified as part of previous research were 
included to reinforce the hypothesis that modern bedforms are overlapping or 
traversing these relict features. The moraines are placed below modern 
formations in order to visualise actual shelf stratigraphy. Bathymetry, 
backscatter and slope map are included as these are the three components 
from which all data for this study were derived. By splitting this data into 
smaller panels it allows the data to be presented in a clear and non-cluttered 
manner. 
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Fig. 2.11. Overview map published in Journal of Maps (2015) indicating locations of previously 
mapped glacial features overprinted by modern sediments. White spaces indicate areas where 
no modern bedforms have been mapped.  
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Chapter 3 – Bedform migration on a high-energy shelf: 
examples from the north Irish shelf 
 
Evans, W., Benetti, S., Sachetti, F., Jackson, D., Lyons, K. Bedform migration on a 
high-energy coast: examples from the north Irish shelf (Submitted to Earth Surface 
Processes and Landforms (special edition)). 
 
3.1 Introduction 
 
It is widely accepted that understanding the movement of sediments on a shelf 
scale is of significant importance to our continued interaction with the marine 
environment (Barnard et al., 2013). Shelf wide surveys focusing on seafloor 
sediments increased in prevalence during the 1970’s through the introduction of 
novel equipment and increased computing power (Belderson et al., 1982, 
Kenyon and Stride, 1970, King and MacLean, 1970). As technology and 
methodologies have been further refined, shelf scale analysis of sediment 
movement has proved useful in a number of applications. Knowledge of 
sediment volume and type is important for managing economic resources such 
as aggregates for extraction (Alder et al., 2010, Singleton, 2001). Rate and 
direction of movement can be key to maintaining shipping waterways or 
sediment supply to coastal islands and beaches (Staneva et al., 2009, Rosati, 
2005). Longstanding oceanographic currents can be identified through 
sediment transport trends and the bedforms these flows create (Hanquiez et al., 
2007b, Masson et al., 2004). Sediment transport research can also have 
biological applications through shelf scale mapping of substrates, which can be 
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used to apply habitat suitability for species or other classifications, including 
those susceptible to smothering by mobile substrates (McBreen et al., 2011, 
Brown and Blondel, 2009).  
Early attempts in the 1970s and 1980s to describe sediment movement on the 
north Irish shelf relied largely on interpreted side-scan sonar data (Kenyon and 
Stride, 1970) and the analysis of bedform asymmetry to determine transport 
potential and direction (Belderson et al., 1982). While subsequent sediment 
specific surveys have not occurred on the north Irish shelf to the same scale as 
Kenyon & Stride (1970), many similar sediment transport investigations utilising 
modern techniques have been conducted on shelfs globally (Denny et al., 2013, 
Feldens et al., 2012, de Juan et al., 2013).  
Anthropogenic interactions with the marine environment have become more 
frequent and widespread, and as a result, the analysis of sediment transport for 
specific applications in smaller sections of shelf has also increased (Barnard et 
al., 2013, Holt et al., 2009). It is the analysis on these smaller spatial scales 
which has been key to understanding sediment wave migration, bedform 
formation and distribution. Early examination of the interaction between current 
flow and grain size has become the foundation of understanding sediment 
transport, supported by analysis of bedform characteristics such as geometry 
(Allen, 1980, Belderson and Stride, 1966, Miller et al., 1977). Extensive work 
has been carried out to classify bedforms based on morphology, this 
classification often indicating the typical grain size and current flows associated 
with their formation (Belderson et al., 1982, Van Landeghem et al., 2009b). In 
addition to this, a key indicator of mobility in sedimentary bedforms is the 
asymmetry of profile. Asymmetry of sediment waves in the marine environment 
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(i.e. the variation in ratio of lee and stoss slopes) has typically been used as a 
proxy for sediment transport rate and direction. Migration is assumed where a 
gently sloping, longer stoss slope is followed by a steeper and shorter, lee 
slope. Transport is then interpreted as a movement in the direction of the lee 
slope; with a steeper slope angle suggesting increased mobility (Belderson et 
al., 1982, Ferret et al., 2010, Knaapen et al., 2005, Lobo et al., 2000, Van 
Landeghem et al., 2012). The validity of these assumptions is, however, fraught 
with complications. Variations in sediment grain size and bedform height can 
affect the rate at which the morphology of the bedforms is altered in response to 
forcing conditions (Van Landeghem et al., 2012). The influence of multiple tidal 
constituents over a bedform can result in variation in morphology over time due 
to varying current speed and direction associated with differing tidal amplitudes 
(Bartholdy et al., 2010c). Localised hydrodynamic interactions between larger 
and smaller bedforms formations and indeed, between individual sediment 
waves, may also influence sediment transport potential through downstream 
shadowing and associated deceleration of flow rates (Belderson et al., 1982, 
Besio, 2004, Van Landeghem et al., 2012). To investigate these variations and 
verify asymmetry-based assumptions on transport, marine geophysical surveys 
repeated over the same area at different times have been used to measure 
sediment movement from kilometre to centimetre scales (Knaapen et al., 2005, 
Ma et al., 2014, Németh et al., 2002). While data resolution, direction of 
insonification and tidal variations must be considered (McGonigle et al., 2010a), 
repeat multibeam echosounder (MBES) bathymetric surveys do reveal 
differences in morphology, direction and rate of migration of bedforms at the 
seafloor. Accompanying MBES acoustic backscatter data can also be used to 
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infer changes in surficial sediment composition (Ma et al., 2014). Further 
datasets such as flow velocity data may be used to compliment the repeat 
MBES survey, providing increased certainty of sediment transport patterns 
observed (Bøe et al., 2009). Water flow velocity near the seabed is accepted as 
key to the formation of bedforms and the driver behind their movement (Allen, 
1980, Belderson et al., 1982, Besio et al., 2008c, Feldens et al., 2015). 
Knowledge of these flow rates allows comparison to both grain size and 
migration rate and direction to insure that realistic observations can be made 
and to provide rationale for any anomalies such as reverse asymmetry 
migration (Van Landeghem et al., 2012). The use of moored current meters 
such as Acoustic Doppler Current Profilers (ADCP) can be impractical over 
large areas of shelf (Gunn and Stock-Williams, 2013, Holt et al., 2009). As a 
result, hydrodynamic simulations of water movement are often utilised to 
provide a near seafloor value for flow velocity (Sheng and Yang, 2010, Young 
et al., 2011). In addition, shallow seismic profiling over sediment waves can 
reveal internal structures or layers, which in turn are interpreted as differing 
depositional or erosional events. Their orientation and angle can be used to 
validate inferences on sediment wave migration direction and rate derived from 
profile asymmetry or time lapse MBES surveys (Ferret et al., 2010, Lobo et al., 
2000, Ma et al., 2014, Van Landeghem et al., 2009a). This multidisciplinary 
approach can therefore provide a robust approach to the analysis of shelf 
sediment transport at a range of scales.  
Sites on the north Irish coast were selected to investigate sediment transport 
not only to further understand the movement of individual bedforms, but to 
understand the implications of this transport for a range of applications. 
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 Baseline MBES data acquired as part of the Irish National Seabed Survey 
(INSS; http://www.gsiseabed.ie) and the Joint Irish Bathymetric Survey (JIBS; 
http://infomar.ie/associated_projects/index.php#JIBS) programmes, are 
compared with MBES from University of Ulster’s student training cruises and 
R.V. Celtic Voyager Cruise CV13030 to form repeat marine geophysical 
surveys (i.e. time-lapse surveys). Sediment samples and seismic data were 
also collected to support the investigation sediment mobility in this region (Fig. 
3.1).   
The aims of this study are two-fold. (1) To assess and quantify seafloor 
bathymetric changes over the course of several years using time-lapse survey 
data, specifically focussing on the migration of sediment waves in relation to the 
modelled hydrological conditions for this region. A novel method for 
measurement of sediment wave migration has been developed as part of this 
study and it is also presented. (2) To examine the links between bathymetric 
change, modelled hydrological conditions and sediment type, using ground-
truthing and backscatter data to define grain size across selected sediment 
waves. 
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3.2 Regional Setting and hydrological regime 
 
The north Irish epicontinental shelf, between the north Irish coast and Scotland, 
has a widely ranging water depths from shallow platforms near the coastline in 
~20 m water depths to deep troughs up to ~200 m (Figs. 1.10 and 3.1). The 
study area extends in the Irish portion of the continental shelf from the coastline 
to water depths around 150 m, ca. 5530’N and between 710’W and 630’W 
and this investigation focuses on two particular areas, A and B (Fig. 3.1). 
Sediments, up to 6 m deep, cover bedrock at the centre of the general study 
area adjacent to Lough Foyle (Cooper et al., 2002, McDowell et al., 2005). 
Gradual slope, and planar morphology have been attributed to the depth of 
these sediment deposits in the area between Lough Foyle and the River Bann 
estuary (McDowell et al., 2005, Plets et al., 2011). The westernmost portion of 
the study area between 7º20’W and 6º56’W, however, is dominated by exposed 
bedrock and gravels with only a few pockets of softer sediment (Evans et al., 
2015, Plets et al., 2011). As a result, near-bed currents greater than 1 ms-1 
occur on the north Irish coast, with peaks concentrated in the narrow 6 km wide 
channel separating the Inishtrahull Island complex from Ireland (Fig. 3.1) (Muir 
et al., 1994, Rourke et al., 2010).  
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Fig. 3.1 Overview of study area and specific areas selected for repeat geophysical surveys and 
sediment sampling. Area A contains isolated soft sediments forming large sand waves. To the 
west of this location, current energies south of Inishtrahull are some of the highest in Irish 
waters (up to 514 GWh/y, >2 m/s (Rourke et al., 2010). Area B includes a distinctive rock 
outcrop named the Ridges. Subsets are also labelled. Due to favourable wind and tidal 
conditions, two marine renewable sites for this section of shelf are proposed by independent 
stakeholders. Some linear artefacts are present ~55⁰18’N 6⁰50’W. 
 
 This section of the north Irish shelf also experiences significant freshwater 
influences. The estuary of Lough Foyle has a tidal basin spanning 186 km2, with 
one of the largest catchment areas of all Irish sea loughs (Fig. 3.1). Several 
rivers also enter the study area providing freshwater and sediment input, the 
largest of which is the River Bann with a fluvial discharge of between 250 and 
2000 m3s-1 (McDowell et al., 2005). 
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3.3 Study area 
The energetic hydrodynamic conditions of the north Irish coast and presence of 
potentially mobile sediments make this a suitable section of shelf to examine 
sediment transport. Existing high-resolution MBES data also allow time-lapse 
geophysical surveys to be utilised to quantify this mobility. Two areas were 
specifically selected for sediment transport assessment based on variance in 
bedform types, the high likelihood of mobility dictated by significant wave 
asymmetry and the availability of MBES data from previous surveys (Fig. 3.1). 
The presence of fixed depth objects, in this case rock outcrops, was considered 
to provide a vertical datum control on bathymetric data. The proximity to 
proposed sites for marine renewable energy sites makes this work also of 
relevance to offshore installations planning but was not a deciding factor in the 
selection of the study areas. 
 
Area A is located14 km from the coastline between 7º19’W and 6º51’W, with 
water depths ranging from 20 m to 50 m (Fig. 3.2). A MBES survey of this area 
was carried out in 2004 as part of the INSS programme and provides the 
baseline data for this study. The seafloor is dominated by large asymmetric 
sandwaves, with amplitudes up of 20 m decreasing in size towards the south-
east (Evans et al., 2015).  
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Fig. 3.2 Bathymetry of Area A, characterised by large asymmetric sediment waves and a field of 
smaller amplitude waves to the southeast. These waves are a stark contrast to the surrounding 
shelf. Bedrock from the Inishtrahull rock complex is apparent in the northwest. Locations of 
example crest measurements – dashed box (Fig.3.4) and seismic lines (Fig.3.8) are indicated. 
Background data from INSS (2004). 
 
These sandwaves are superimposed upon a single feature which can be 
classified as a tidal sandbank or ridge (Caston, 1972, Williams et al., 2000). 
Exposed bedrock, known to be Paleoproterozoic granitic gneiss, is present in 
the north east of the area and forms part of the Inishtrahull Island rock complex 
(Muir et al., 1994). 
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Fig. 3.3 Overview of bathymetry of Area B and subset areas B1 and B2. The Ridges and the 
Causeway Bank are evident in the data. Diversity of wave-form is displayed across water 
depths, for example >5 m waves in 35 m water depth atop the Causeway Bank and 2-3 m 
barchan dunes offshore in 70 m water depth. Underlying (translucent) data taken from JIBS 
survey (Oct, 2007) resurvey extent is defined by full colour scale. 
 
Area B (Fig. 3.3) extends from the Causeway coast, northwards and westwards, 
up to 9 km from shore. Original MBES surveys were undertaken here in 2007 
as part of the JIBS project. The centre of this area is dominated by a rocky reef 
outcrop known as ‘The Ridges’ (Plets et al., 2012) which provides a fixed depth 
object for surveying purposes. This site presents a variety of bedform sizes and 
morphologies. Notable bedform features include a barchan dune field in the 
northwest, three >20 m amplitude trochoidal waves in the southeast and the 
Causeway Bank which is a shallow linear shoal inshore (Fig. 3.3).  
Both areas A and B were resurveyed in their entirely during cruise CV13031 
(Sept 2013) as detailed in the following section. In addition, the two subset 
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areas of site B (B1 and B2, Fig. 3.3) were surveyed as part of other research 
cruises. Subset area B1 has undergone three separate MBES surveys. This 3.7 
km2 area was used as an open sea disposal site for dredge material from Lough 
Foyle (Bates, 1996). Characterised by crescentic barchan dunes, the area was 
first surveyed in 2007 as part of the JIBS program, then in 2009 as part of a 
University of Ulster’s student survey with the most recent survey CV13030 
carried out in 2013 as part of this research (time-lapses of two and four years 
respectively). Subset area B2, a 2.2 km2 area, is 4.3 km to the northwest of 
Ramore Head (Fig. 3.3). Initial MBES data were collected as part of the JIBS 
survey in 2007, followed in 2010 by a University of Ulster’s student training 
cruise (three-year time lapse period). A subsequent survey was carried out 
three years later as part of CV13030. This area is characterised by 5 m 
amplitude, sharp, crested sand waves. 
 
3.4 Data Acquisition and Processing 
 
This study will build upon the methodology adopted by others (Knaapen et al., 
2005, Ma et al., 2014, Van Landeghem et al., 2012) by analysing changes in 
MBES data at two sites (Figs. 3.2 and 3.3). High resolution MBES data were 
collected off the north Irish coast in the two study areas A and B with a SIMRAD 
EM3002D system as part of research cruise CV13030 aboard the R.V. Celtic 
Voyager in late 2013 resulting in 48.8 km2 of seafloor at Area A resurveyed in 
depths ranging from 19 m to 54 m (Fig. 3.2) and 83 km2 coverage in depths 
ranging from 24 m to 155 m at Area B (Fig. 3.3). Differential Global Positioning 
Systems (DGPS) were used to provide decimetric horizontal and vertical 
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accuracies. Bathymetric and backscatter data were processed in Caris Hips & 
Sips v7.1 to 2 m resolution and converted to ASCII format for ease of 
integration with ESRI ArcGIS 10.1. (Evans et al., 2015).  
 
Area Survey ID Survey Year Program 
A INSS Combined 
Surveys 
2004 INSS 
A CV13030 2013 MI Ship Time Grant 
B JIBS Combined 
Surveys 
2007 JIBS 
B CV13030 2013 MI Ship Time Grant 
B1 CE0920 2009 University of Ulster 
Student Training 
B2 CV10002 2010 University of Ulster 
Student Training 
 
Table 3.1 Table identifying each survey identification, year and the corresponding area 
identified in Fig. 3.1. Each survey formed part of a larger grant or mapping program 
which are also included for reference.  
 
Existing raw data collected as part of the INSS in 2004, JIBS programs in 2007, 
student training cruises CE0920 (2009) and CV10002 (2010) were acquired 
with a SIMRAD EM3002D and were also processed, tidally corrected and 
vertically adjusted as part of this study to reflect CV13030 vertical datum. The 
alignment of each dataset to a common vertical datum allow for accurate 
interrogation of seabed changes using the Caris Hips & Sips surface difference 
module. The resulting data were then imported in ESRI ArcGIS 10.1 for further 
analysis.  
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3.4.1 Analysis of bathymetric data 
Bathymetry data were examined using the ESRI ArcGIS hydrology toolbox. 
Research has proven bedforms differ in appearance when they have different 
solar illumination directions, known as azimuth bias, this coupled with user skill 
in interpreting 3d visual representation of bedform data necessitates an more 
quantitative approach to wave crest mapping (Smith and Clark, 2005, Smith and 
Wise, 2007). As a result, changes in bathymetry were scrutinised using the 
‘Flow Direction’ script to provide a directional input for ‘Flow Accumulation’ 
analysis (Fig. 3.4). Flow accumulation is based on the number of inflow cells 
from the ‘Flow Direction’ script and identifies areas of bathymetric highs as zero 
values, with channels represented by high positive values. These high values 
are typically used by terrestrial hydrographers to map runoff channels and water 
pathways (Drake et al., 1985, López-Vicente et al., 2014, Neill et al., 2009) and 
have been applied in the marine environment to define the base of sumbmarine 
canyons (Sacchetti et al., 2011). In this instance, the inverse approach is 
applied, with focus on the zero values of the ‘Flow Accumulation’ script. These 
points identify slope peaks and were manually digitised as sediment wave 
crests. 
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Fig. 3.4 Example of ‘Flow Accumulation’ data generated in ESRI ArcGis10.1 (A) where zero 
values represent crests (location Fig. 3.2). Digitised crests from 2004 (blue) and 2013 (red) 
show the displacement of sediment wave crests in this 9-year time lapse (B). Methodology 
workflow for derivation of crest position and measurement of migration between surveys (C).  
 
 This method removes the possibility of azimuth bias when interpreting crest 
ridge position manually (Fig. 3.4). Crestlines between successive surveys were 
then mapped to allow measurement of horizontal change. The ET Geowizards 
script ‘Perpendiculars to Polylines’ was used to create multiple perpendicular 
measurements between crests without the need to generate profiles. Vertical 
bathymetric change was calculated using Caris Hip & Sips v7.1 and presented 
as a surface difference model. Measurement inaccuracies were calculated by 
comparison of readings over the fixed depth objects in each survey area. As a 
result, allowance was given in each area to account for change in depth due to 
sampling inaccuracy, +/- 50 cm (area A) and +/-30 cm (area B). Changes 
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smaller than these calculated margins were classified as ‘Stable’ due to lack of 
confidence in the accuracy of the measurement. 
3.4.2 Sediment sampling and grain size analysis 
Sediment sampling was carried out at 63 stations across Area A and Area B 
using a Day grab during cruise CV13030 (locations illustrated in Fig. 3.5 B and 
3.9 B). Sampling locations were selected using concurrent backscatter data in 
order to ensure a wide range of acoustic responses were ground-truthed. 
Samples were weighed, washed and wet-sieved at 63 microns to calculate the 
mud fraction. The remaining sediment was dried, weighed and sieved (at 4000, 
2000, 1400, 710, 500, 355, 250, 180, 125, 90, 63 µm) (Goff et al., 2000). Grain 
size distribution was assessed using Gradistat v4.0 (Blott and Pye, 2001).  
3.4.3 Backscatter classification 
Backscatter and ground-truth data were collated in ESRI ArcGIS 10.1 to enable 
further analysis of sediment distribution across the two areas. Classification of 
backscatter using ground-truthing samples as verification is a commonly used 
method to infer sediment coverage in the marine environment (Goff et al., 2000, 
Lamarche et al., 2011, McGonigle and Collier, 2014). ‘Isocluster Unsupervised 
Classification’ routines were used to create a signature file, which then informed 
a ‘Maximum Likelihood’ multivariate classification of the backscatter response. 
The resultant clusters were then assigned a sediment type based on the 
analysed ground truth samples collected (Evans et al., 2015, Plets et al., 2012). 
It should be noted that some areas exhibit ‘striping’ in backscatter in areas of 
rapidly varying water depth; this is particularly obvious in Area B data (Fig. 3.9). 
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This striping could have been avoided by repositioning the survey track to 
insonify the seafloor alongslope rather than upslope/downslope (McGonigle et 
al., 2010a, Lamarche et al., 2011). Unfortunately a resurvey of this area had not 
been scheduled into the survey planning and alterations were not feasible while 
afloat. Through post-processing of the data, it may be possible to remove the 
erroneous beam signatures individually, removing the striping effect at the 
expense of data density (McGonigle et al., 2010b). The extent of correction 
required in this instance the resulting acoustic signatures would have required 
significant interpolation to present a complete backscatter mosaic, therefore it 
was decided to leave the artefacts rather than replace them data which may not 
truly reflect the sediments in that area.  
3.4.4 Seismic profiling 
Sub-bottom seismic profiling was also carried out during CV13030 using the 
hull-mounted SES Probe 5000 pinger system to examine internal structures 
within sedimentary bedforms. The seismic reflectors identified within the 
bedforms are interpreted as changes in sediment acoustic properties and 
therefore as variations in sediment grain size, composition and/or compaction 
(Bastos et al., 2003). Raw data were processed using IHS Kingdom Suite v7.1 
and exported to Adobe Illustrator v5.0 for annotation.  
3.4.5 Hydrodynamic model 
Existing modelled hydrodynamic data were used to investigate the possible 
drivers of bedform mobility (or lack of it). Hydrodynamic data presented here 
were extracted from the Irish Marine Institute’s annually validated Regional 
Bedform migration on a high-energy coast: examples from the north Irish shelf 
 
101 
Ocean Modelling System (ROMS, www.myroms.org) and illustrated in ESRI 
ArcGIS 10.1. Outputs from the deepest depth averaged layer for the years 2011 
- 2014 are shown in an attempt to examine long-term processes (Xing and 
Davies, 1996) and to illustrate flows at time of the most recent survey. These 
include residual flow and maximum flow, which are presented due to their 
particular relevance to sediment transport processes (Besio, 2004, Bøe et al., 
2009, Lefebvre et al., 2014, Lobo et al., 2000). The tidal rule of 12ths suggests 
that in areas such as the Irish north coast, peak flow typically occurs 3 to 4 
hours after high or low water. In a sediment transport context, these maximum 
flows may represent the only point at which grain sizes of a particular size are 
mobile (Martin-Short et al., 2015). As a result, some sediments may only be 
mobilised during certain elevated flow conditions (Barnard et al., 2013, Drake et 
al., 1985, Thiébot et al., 2015). The directionality of these peaks in flow velocity 
are also important as they may represent the more dominant flow orientation of 
a bi directional current (Sanay et al., 2007). It may also relate to an unusually 
high flow related to an extreme storm. The residual current (daily vector mean) 
can often vary in direction to the peak flow. It presents an overview of the 
averaged flows at a location throughout the measured or simulated time 
(Herman, 1983). In a sediment transport context this has a number of 
applications. Firstly if the mean flow is capable of mobilising sediments, it can 
give insight into the mean rate and direction of sediment transport (Masson et 
al., 2004, Wynn and Stow, 2002). When compared to matrixes such as that of 
(Stow et al., 2009) and (Belderson et al., 1982), the type of bedform expected to 
occur in that area can be identified. Residual current can be key to identifying 
longstanding currents such as European Shelf Current and Mediterranean 
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Outflow Water, but may also suggest more localised persistent effects these 
flows on sediments (Hanquiez et al., 2007b, White and Bowyer, 1997). A 
residual current which direction is opposed to other flows (either seasonal, 
maximum or certain states of the tide) may account for reduced migration or the 
displacement of sediment waves around a central point (Sanay et al., 2007).  
 The 2.1 km by 2.1k m model resolution for the study area, results in a paucity 
of hydrodynamic data within the specific study areas. While this model is useful 
in providing an overview of hydrodynamic conditions across the shelf, it cannot 
be used to discuss specific flow conditions at a bedform scale as they are 
smaller than the model grid resolution of 2.1km. It should also be noted that due 
to the scale of the model, it does not include small outlying islands such as 
Inishtrahull Island, which may have localised effects on hydrodynamics.  
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3.5 Results 
3.5.1 Area A 
 
The backscatter data for this area (Fig. 3.5A) show a large dark coloured area 
of soft sediments, clearly identified by the lowest dB values in the centre of the 
site. Backscatter response increases with distance from this centre point with 
harder substrates illustrated by lighter colours. This outward coarsening trend 
identifies the bedform at the centre to be composed of different grain sizes to 
the surrounding shelf. Sediment sampling and classification (Folk, 1954) at the 
site revealed four main substrate types (sandy gravel 35%, gravelly sand 27%, 
pebbles / gravel 27%, coarse sand with shell 11%) with the large asymmetric 
sediment waves in the centre of the area comprised almost entirely of coarse 
sand with shells (Fig. 3.5B, Sample 4). 
 
Sediment generally becomes increasingly coarse with distance from the mid 
crest of these sand waves (Fig. 3.5B). Gravelly sand (Fig. 3.5B, Sample 2) and 
sandy gravel (Fig. 3.5B, Sample 11) surround the large asymmetric sand waves 
while pebbles and cobbles dominate the southeast extreme of the study area 
(Fig. 3.5B, Sample 1). High concentrations of the bivalve Glycymeris glycymeris 
were found within this pebbly material.  
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Fig. 3.5 Backscatter response recorded during CV13030 survey of Area A. (A) A large area of 
soft sediment is indicated by the lowest dB values (darkest colour) in the centre of the image. 
(B) Classification of backscatter using ground truth samples (red) reveal coarse sand in the area 
of the sediment waves surrounded by sediments of distally increasing grain size. Background 
imagery is 20 m resolution INSS data. 
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Fig. 3.6 (A) Crest displacement in metres across area A following 9-year interval. Highest 
migration rates are observed towards the northwest and centre sections of this site. Largest 
single wave migration measured at 211 m for an isolated barchan dune (black rectangle). (B) 
Surface difference model for area A. Changes of +- 30 cms are considered stable given the 
resolution of data acquired. Background imagery is 20 m resolution INSS data. 
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The crestlines of the sand waves range in length between 3.8 km and 0.8 km. 
Giant asymmetric waves present the longer sinuous crests (~3 km) whereas 
smaller amplitude waves in the southeast have shorter crest lengths (~0.9 km). 
In the time-lapse period of nine years, a clear migration of crests occurred 
across the entire bedform field (Fig. 3.6A). Maximum displacement was 
measured at 211 m and affected an isolated barchan dune on the fringes of the 
main bedform (approx. 23 m yr-1)(Fig. 3.6A). The giant asymmetric waves 
presented an average migration of 70 m at the mid-crest point over this time 
period (rate of 7.7 m yr-1); however, this value decreases towards the crest 
ends. Crest movement is lower (<3 m yr-1) towards the southeast of the site, 
where smaller amplitude waves are found. In contrast, these waves display 
larger (~5 m yr-1) migration rates at the crest ends than at the mid-point (Fig. 
3.6A). Highest migration rates (31% of total distance at the site) occurred in 
areas classified as gravelly sand and in water depths ranging 35-40m. Pebbly 
substrates underwent shortest migration rates when compared to other 
substrates, accounting for only 10% of the total migration across the area. 
By examining the hydrodynamic forces across the area using the published 
ROMS model, it is possible to compare migration pathways with direction and 
intensity of bottom water flows over the site (Fig. 3.7) . Residual flow direction 
varies across Area A with a clockwise flow pattern (Fig. 3.7A), where higher 
residual flow velocities occur to the northwest and southeast of the large sand 
waves. This pattern is similar to that of the rate of crest displacement over the 
site (cf. Fig. 3.6A).  
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Fig. 3.7 Residual (A) and maximum flows (B) from the ROMS model (m/s). Note the similarities 
between residual flows and migration patterns (C) derived from time-lapse data. Arrows were 
created in ESRI ArcGIS using measurements from the ‘Perpendiculars to Polylines’ script and 
scaled according to migration distance. 
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Model data simulates maximum bottom current (Fig. 3.7B) velocities of 0.6 m– 
0.8 m/s, typically in a northwest direction. In all cases, direction of crest 
migration is in agreement with wave asymmetry and correlates with the 
direction of simulated bottom currents. The direction of migration, however, is 
not uniform across the entire bedform with crests presenting a clockwise, rotary 
migration pattern (Fig. 3.7C). This is consistent with hydrodynamic assessment 
of morphologically similar sandbanks in UK (Caston, 1972, Williams et al., 
2000) and global shelf seas(Swift et al., 1978). The mid and northerly portions 
of the bedform appear to migrate in a southeast direction, whereas the southern 
crests and crest edges present movement in a northwest direction (Fig. 3.7C).   
In terms of their sub-bottom acoustic response, the large sediment waves are 
defined by a contact between acoustic unit 1 (AU1 in Fig. 3.8) and acoustic unit 
2 (AU2 in Fig. 3.8). The clearly defined nature of this contact suggests a 
significant difference between the composition and/or compaction of the 
sediment that comprise these units. AU1 makes up the body of the sediment 
wave and is likely composed of coarse sand based on ground-truthing, whilst 
AU2 represents the underlying substrate. In some of the seismic profiles, an 
additional acoustic unit (AU3) is identified below AU2. This unit may possibly 
represent the underlying bedrock (Cooper et al., 2002, Plets et al., 2012).  
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Fig. 3.8 Interpreted seismic lines and raw data from Area A (location indicated on Fig. 3.2). 
Sand waves (AU1) can be clearly identified and display a sharp contact with AU2. Inner sand 
wave stratigraphy reveals sloping reflectors interpreted as forests. Arrows indicate inferred 
migration direction. 
 
 The seismic data, acquired in lines typically perpendicular to wave crests, also 
revealed some of the internal structures within sediment waves (Ferret et al., 
2010, Lobo et al., 2000). Steeply dipping foresets are revealed within the large 
asymmetric waves with an absence of opposing slip faces (Fig. 3.8).  
Investigation of cores taken over the site would confirm the composition of the 
acoustic units identified, the location of bedrock and potentially the foreset 
features present in the seismic data. The bedrock has however been identified 
as mudstone, formed from depositional processes and presents s stark contrast 
to the granites of Inishtrahull Island. The hard acoustic signal presented by AU2 
suggests a glacial diamict possibly morainic in nature (Benetti et al., 2010b, 
www.gsiseabed.ie).  
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3.5.2 Area B 
 
  
Fig. 3.9 Processed backscatter data (A) and classification (B) within Area B. (A) Some artefacts 
are present due to the difficulties in processing backscatter data in areas of rapidly varying 
bathymetry. (B) Five main sediment types have been identified with clear zonation of finer and 
coarser sediments across the site.  
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Sediment distribution in this region is more complex than that of Area A. This is 
illustrated by the pattern of backscatter response (Fig. 3.9A). Five main 
sediment types have been defined by sediment samples and backscatter 
classification (as percentage of total distribution - sandy gravel 27%, gravelly 
sand 21%, medium sand, 20%, gravel 17%, fine sand 15%) (Folk, 1954).  
Fine sand (Fig. 3.9B, Sample15A) forms three distinct zones: northwest of the 
Skerries, on the Causeway Bank and to the northeast of the Ridges. These fine 
sands are typically fringed by bands of medium (Fig. 3.9B, Sample 35) and 
coarse sand (Fig. 3.9B, Sample 41). Gravel (Fig. 3.9B, Sample 33A) and sandy 
gravel (Fig. 3.9B, Sample 2) dominate the northwest of the site and immediately 
north of the Causeway Bank. Some sediment samples in these areas were 
comprised entirely of very coarse shell hash and whole shell material. 
Classification of this shell hash as a single backscatter response grouping is 
difficult due to the similarity of signal return to that of other sediment types (Goff 
et al., 2000). Digitized crestlines at this site range from 7 m to 2.3 km in length 
and the form of the sediment waves varies from sinuous/crescentic to straight 
(Fig. 3.10A). An average migration of 14 m (2.3 m yr-1) has been calculated 
over the 6-year time-lapse period. The largest displacements of >70 m are 
recorded to the east of ‘The Ridges’ (65m water depth) in an area of gently 
sloping bathymetry, with similar distances also measured on the ‘Causeway 
Bank’ (Fig. 3.10A).  
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Fig. 3.10 (A) Crest displacement across Area B in metres displays the highest migration rates 
(over 70 m in 6 years) in the east and at closer distance to the shore. Colour palette has been 
adjusted to allow for easier identification of varying mobility rates. (B) Surface difference model 
for Area B has revealed distinct stripes of erosion and accumulation with a net loss of sediments 
across the area. JIBS MBES data is provided in background for context.  
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Migration distances between 14 m and 40 m, with rates between 2.5 m yr-1 and 
5.2 m yr-1the most common throughout Area B. Highest rates are observed in 
the shallower waters on the ‘Causeway Bank’ and in areas of sloping 
bathymetry. Crests displaying the lowest of migration distances of 1-5 m are 
located in the barchan dune fields to the northeast of the resurveyed area in ca. 
70 m water depth (Fig. 3.10A). The distinctive, three large trochoidal waves 
(see. Fig. 3.3) also display movement of less than 5 m over this 6-year period. 
Migration was most prevalent in areas classified as gravelly sand, accounting 
for 31% of measured migration. Lowest migration rates were recorded in areas 
of fine sand (10%). 
 
Fig. 3.11 Scatterplot illustrating variance of crest migration rate (m) with depth (m) at Area B. 
sediment waves are concentrated between 20 m and 85 m water depths. 
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Highest concentrations of sediment waves occur in 20-80 m water depth, with a 
slight increase in migration with depth across this range. Beyond 80 m depth, 
occurrence of sediment waves decreases (Fig. 3.11). This is in agreement with 
the findings of (Van Landeghem et al., 2009b) in the Irish Sea where sediment 
waves were found to be most prevalent up to 90 m water depth at which point 
there was a significant reduction. (Van Landeghem et al., 2009b) did however 
notice a reduction in sediment waves between 50 m and 80 m water depth 
which has not been evidenced on the north Irish Coast.  
 
Hydrodynamic plots across the area give insight into flow / migration 
relationships. Residual flows suggest east and southeasterly flows across the 
area (Fig. 3.12A). ROMS model data reveals maximum flow velocities between 
0.06 and 0.65 ms-1 (Fig. 3.12B). Results from this study present an overall trend 
for migration with movement from east to west in the offshore portion of the site 
with a counter, east to west, movement recorded inshore (Fig. 3.12C). 
Sediment wave crests in the northwest, including the barchan dune field, 
display movement in an easterly direction. This migration direction continues 
until an absence of sedimentary bedforms at the base of ‘The Ridges’. East of 
this rocky outcrop, bedforms display a south-westerly migration pattern 
including in the shallower waters of the ‘Causeway Bank’. 3 km to the west of 
the Skerries this westerly migration trend continues inshore, with a rotation in 
direction to the north-west (Fig. 3.12C). This pattern of migration can be linked 
to dominance of westerly flow in modelled currents for the inshore sections of 
Area B. 
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Fig. 3.12 Residual (A) and maximum (B) currents in Area B reveal significant differences in flow 
direction. (C) Observed crest migration appears to converge on The Ridges rock outcrop. 
Arrows were created in ESRI ArcGIS using measurements from the ‘Perpendiculars to 
Polylines’ script and scaled according to migration distance. 
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As in area A, seismic data collected over selected bedforms at site B show 
some of the internal structures within sediment waves (Fig. 3.13). Three 
acoustic units are clearly identified. AU1 comprises asymmetric waves, which 
are composed of medium and coarse sands. Sloping foresets of varying angle 
are present throughout this unit, though not always aligned with the orientation 
of the waves (Fig. 3.13). These waves are superimposed upon acoustic unit 
AU2, which is between 2 m and 5 m thick. The boundary between these units is 
not as clearly defined as in area A. This may be a product of data quality or 
mixing of sediments between these two units.  
 
 
Fig. 3.13 Seismic line from the Causeway Bank identifying 3 acoustic units. Sand waves on the 
bank (AU1) overlay and infill AU2. AU2 and AU3 display a sharp contact, suggesting AU3 may 
be underlying bedrock. Sloping foresets within the sediment waves suggest these bedforms 
may be mobile. Arrows indicate inferred migration direction. 
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The top of the third acoustic unit AU3 is clearly defined by a sharp reflector and 
the unit itself does not present any internal acoustic response suggesting this 
may be the underlying bedrock. As with Area A, sediment composition, acoustic 
unit thickness and the nature of foresets could be identified by sediment coring 
across the site. It is however known that the underlying bedrock is igneous in 
nature and like much of the Causeway Coast, this shelf is composed of Tertiary 
basalt. Based on seismic studies in the area, AU2 is interpreted as glacio-
marine sediment (Cooper et al., 2002, Kelley et al., 2006). 
 
3.5.3 Subset B1 
 
Sediment samples in this area comprise mostly gravel (Fig.3.9B, Sample 33A) 
and sandy gravel (Fig. 3.9B, Sample 2). Simulated currents suggest residual 
and maximum flows in an easterly direction with peak flows of 0.5 – 0.65 ms-1 
(Fig. 3.12B). During the first 2-year time lapse a mean crest movement of 6 m 
was observed across the site (3 m yr-1). While many of the barchan dunes to 
the north and east present little displacement, to the south and southwest, dune 
crests have migrated between 10 m and 15 m (5-7 m yr-1). Movement is 
typically in an easterly direction with dunes of larger amplitude displaying higher 
migration rates. For the second time-lapse period of 4 years the data reveals a 
10 m mean migration distance (rate of 2.5 m yr-1). Almost all crests display 
movement in an easterly direction, up to a maximum of 35 m. Northern barchan 
dunes show little displacement during the first time-lapse, with measured 
migrations of up to 20m (5 m yr-1), also in an easterly direction. 
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3.5.4 Subset B2 
 
Sediment samples show that this area is covered mostly by fine sand (Fig.3.9B, 
Sample 15A), fringed by medium (Fig. 3.9B, Sample 35) and coarse sand 
(Fig.3.9B, Sample 41). Maximum simulated flows in the area range from 0.5 to 
0.55 ms-1 in a westerly direction. Residual flow direction is counter to this with 
south and southeast orientations modelled (Fig. 3.12A). During the first time-
lapse period of 3 years, average rate of crest migration was 4 m yr-1, with 
maximum crest movements (up to 27 m) occurring in the south and east. Crest 
displacement in a southwest direction is typical across the site, with lowest 
migration rate values towards the centre of the surveyed area. The subsequent 
time-lapse (3 years) shows average rate of crest migrations of 3 m yr-1. Wave 
crests appear to have oscillated back in an easterly direction, towards their 
position at the time of the original JIBS survey. No notable change in bedform 
asymmetry is apparent between the three surveys at this site. 
 
3.6 Discussion 
Repeat surveys of two selected areas of the north Irish shelf has revealed 
complex patterns of sedimentary migration. It is accepted that irregular intervals 
of resurvey data, variances in equipment, and vessels used may constrain the 
accuracy and interpretation of the data, however in investigations of this type 
some of these issues cannot be avoided and the only mitigation is to factor 
possible errors into analysis of data (Schmitt et al., 2008). While net fluxes of 
sediment over each area are suggested and average migration rates are 
defined for crest displacements, it is also accepted these are open to challenge 
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due to the nature of time-lapse survey at this temporal resolution. For example, 
the migration of sediment waves in two opposing directions, such as those 
identified in Subset B2, can be difficult to interpret without the increased 
temporal resolution of data. In the case of crest flexing shown by the trochoidal 
waves, repeat surveys through a daily tidal cycle may be required to capture the 
extent of this movement (Smith et al., 2007, Xu et al., 2008). Nevertheless, 
careful site selection and post-processing have given insight into sediment 
mobility rates and their correlation with bedform asymmetry, sediment type and 
modelled hydrodynamic conditions across the shelf.   
 
3.6.1 Area A 
The sandwaves which dominate the section of seafloor surveyed at Area A 
appear to be superimposed upon a single feature with dimensions and 
geometry consistent with features classified as offshore tidal sandbanks or 
ridges (Caston, 1972, Swift et al., 1978). Sandbanks are found globally in shelf 
environments where sand is abundant and flow rates are < 0.5 m/s. As a result, 
the local distribution of coarse sands (Evans et al., 2015) and flow rates 
calculated by the Marine Institute ROMS model (Fig. 3.7) can account for the 
formation of the sandbank at Area A.  
While documentation of sandwaves reaching heights of 10 m is prevalent (Field 
et al., 1981, Li and King, 2007, Németh et al., 2007), examples of heights 
reaching 20 m are not common in shelf environments and published literature 
on their properties is sparse (Van Landeghem et al., 2009b). At these water 
depths (40 m max) these sand waves do not agree well with the equations of 
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(Francken et al., 2004, Terwindt, 1971)) which state that an upper limit for 
bedform height is 0.25 times the water depth. In this instance the sandwaves 
reach more than twice this upper limit of ~ 10 m. These calculations were 
devised within riverine systems however, and increasing examples of deviations 
from their values are observed in coastal environments (Bartholdy et al., 2002). 
An average displacement rate of 7.7 m yr-1 for large waves of this height is 
consistent with annual migration displayed by similar sandwaves in other tidal 
seas (Németh et al., 2007, Li and King, 2007, Van Landeghem et al., 2012). 
Crest displacement across this area displays a correlation between bedform 
height and transport rates, with larger amplitude sand waves achieving greater 
mean migration rates. The lower amplitude, more rounded sediment waves to 
the south-east represent an area with smaller volumes of sediment, which is 
coarser. This coupled with possible shadowing from the larger sandwaves to 
the north east may account for their reduced migration rates (Van Landeghem 
et al., 2012).  
Sediment transport is not linear across the site with crest displacement 
indicating a clockwise, rotational movement. This rotational current is described 
on sandbanks globally, evidenced through in situ measurement (Huthnance, 
1973, Williams et al., 2000) and modelled calculations (Sanay et al., 2007). 
These banks are therefore proven to have a profound effect on local 
hydrodynamics (Sanay et al., 2007). This rotary current best evidenced at Area 
A by the residual flow outputs from the ROMS model (Fig. 3.7). Residual flow 
has been identified as the most important mechanism for sediment transport in 
offshore tidal sandbanks and can drive movement even when flow velocities are 
low (Warner et al., 2005). This is evidenced by the migration patterns of the 
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sandwaves at this location which closely follow the modelled residual flow (Fig. 
3.7).  
 Surface difference models also suggest that there has not been considerable 
loss of sediment from the bedform over the 9-year lapse, adding weight to the 
assumption that while a bidirectional current is in effect across the bedform with 
hydrodynamics reworking the sediment within the confines of the bedform 
boundaries. With high-energy tidal currents in the region contributed to by the 
constriction of water flow at Inishtrahull Sound to the west, it is likely that the 
sandbank upon which the waves are superimposed, is experiencing complex 
hydrodynamic forcing. This creates rotary currents generated by the 
morphology of this sandbank and its orientation to tidal flows (Huthnance, 1973, 
Williams et al., 2000). As a result, the scale of these sand waves may be 
accounted for by localised reworking of sediments within this rotary current 
system (Hill et al., 1996, Zhu and Chang, 2000, Ferentinos and Collins, 1979). 
Further analysis using Acoustic Doppler Current Profiler (ADCP) or 
hydrodynamic modelling at an appropriate scale is required to confirm this.  
Area A surface difference models also identify migration through accretion and 
erosion in patterns matching the geometry of the sediment wave’s crests and 
troughs. There is a net loss of sediment from the area resurveyed. This is in 
agreement with pre-existing oceanographic modelling of the Irish shelf, where 
an off-shelf suspended sediment transport pattern had been identified (Davies 
and Xing, 2002). As a result, while an eddy system may account for the scale of 
these sand waves trapping sediments in a localised area, storm processes and 
periods of upwelling inducing winds could result in a removal of sediment from 
the site through suspension (Davies and Xing, 2002). The steeply angled 
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foresets revealed within acoustic unit 1 (Fig. 3.8A) of these sand waves agrees 
with bedform migration and asymmetry direction. Their acute angle on the stoss 
slope indicate high sediment mobility (Lobo et al., 2000, Ma et al., 2014). The 
lack of opposing slip faces suggests that these waves are little influenced by 
oscillating currents (Bastos et al., 2003, Van Landeghem et al., 2009a).  
 
3.6.2 Area B 
The majority of sediment waves occur between depths of 30 m and 90 m in 
Area B (Fig. 11). This is consistent with the findings of (Van Landeghem et al., 
2009b) in the Irish Sea, where concentrations of sedimentary waves were 
measured between 30 m – 40 m and 85 – 95 m. Horizontal migration rates 
display significant variance across Average rates of crest displacement of 2.3 m 
yr-1 may not suggest an area of high mobility. However, localised patches of 
highly mobile sediment waves have been identified. The highest rates of crest 
displacement ~10 m yr-1, are found in a 700 m-wide band on a slope ranging 
from 85 m to 130 m water depth. This suggests that this area is undergoing 
enhanced migration due to temporally changing bathymetry (Van Landeghem et 
al., 2012). The Causeway Bank, at a 25 m water depth, experiences higher 
than average migration rates for the site, between 5 m and 6 m yr-1. This is 
likely due to increased effects from tidal flows due to reduced water depths. 
Lowest migration rates occurring offshore are not surprising given the increased 
water depths at these locations (Berelson, 2001). Migration direction is complex 
with two main opposing directions of movement, which appear to be divided by 
a rocky outcrop (Fig. 3.12). This outcrop displays significant scouring on the 
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western side and lack of bedforms (capable of being resolved by this data 
resolution) for 0.9 km either side of its peak. This can likely be attributed to 
turbulence caused from the outcrop under bi-directional flow conditions 
(Lefebvre et al., 2014, Quinn et al., 2007). A net migration towards this rock 
from the west is typical in this area, with the exception being sediment waves on 
the seafloor to the south, which display movement in the opposite direction. To 
the east of the survey area, crest migration also seems to converge on the rock 
outcrop, thus supporting the argument that this 20 m - 30 m obstruction into the 
water column is having a significant effect on a bidirectional current in the area. 
Migration of sediments in an upslope direction is also prevalent in this eastern 
portion of area B. This suggests a forcing factor beyond the boundaries of the 
survey area that is creating a westerly residual current in the near-bed even at 
depths >100 m. Three distinctive large trochoidal waves in the area have 
undergone little change in the 6-year time-period. This is consistent with the 
development and maintenance of bedforms of this size and symmetry (Barrie et 
al., 2009, Cataño-Lopera and García, 2006, Masson et al., 2004, Wynn and 
Stow, 2002). Bedforms such as these typically occur due to internal tides where 
a bidirectional flow interacts with a sharp change in bathymetry (Hand, 1988), in 
this case, the Causeway Bank. Surface difference models for Area B, like Area 
A, display accretion and erosion associated with the movement of a sediment 
wave through its wavelength. A net decrease in surface height between surveys 
suggests a negative sediment budget (i.e out of this area). Highest levels of 
erosion (without subsequent accretion) occur to the south west and in a narrow 
band immediately north of The Ridges (Fig. 3.10B). These strips are in the base 
of bathymetric depressions with no discernible bedforms in MBES data and are 
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adjacent to rock outcrops. As a result, these areas may be undergoing erosion 
of between 10 cm yr-1 and 30 cm yr-1 due to tidal interaction with these 
outcrops. It is unclear however where this eroded substrate is being deposited. 
It is likely that this is a long standing process and it is hypothesised that due to 
the turbulence associated with rock outcrops, any finer sediments have been 
carried away in suspension (Quinn et al., 2007). Seismic data from the 
Causeway Bank (Fig. 3.13) have revealed sediment waves (AU1) with sloping, 
curved foresets. Curved foresets are normally the result of sediment movement 
down the lee slope of the bedform (Bastos et al., 2003, Van Landeghem et al., 
2009a) and can be attributed to lower energy environments than those 
observed in Area A. These waves appear to migrate over an underlying surface 
(AU2), interpreted as coarser material that has not been mobilised by currents. 
While the use of three surveys over area B1 suggested a constant migration 
trends, area B2 showed more variation. Over the 6-year period, wave crests 
have displaced and average of 4 m yr-1 to the west (3 years) then 3 m yr-1 back 
to the east in the following 3 years. Crest flexing, the movement of a crest under 
bidirectional flow about a centre point in of the sediment wave, may be ruled out 
due to the geometry of the sediment waves in question but may be accounted 
for by the opposing directions of modelled peak and residual flows over these 
bedforms. Higher temporal resolution of survey is therefore required to better 
understand the oscillatory movement of these sediment waves (Smith et al., 
2007, Xu et al., 2008).  
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3.6.3 Comparison between Area A & Area B 
The areas selected for repeat surveys encompass a range of water depths, 
differing hydrodynamic regimes and are characterised by different bedform 
types. It is therefore unsurprising that the rate of bathymetric change varies 
throughout the period of data acquisition. Due to the narrow range of water 
depths at Area A, comparison of migration rates with Area B is difficult. 
However, bedforms on the Causeway Bank, in water depths comparable with 
the giant asymmetric sand waves of Area B, appear to migrate at similar rates 
of between 6m yr-1 and 7m yr-1. The direction of migration at both sites seems to 
be controlled by a dominant feature, a counter clockwise current in the case of 
Area A, and outcropping bedrock in Area B. While the ROMS model outputs are 
not of high enough resolution to allow accurate comparison between simulated 
flow and migration patterns, modelled residual currents present some 
agreement in both areas. Calculations of net sediment movement reveals that 
both areas to have lost sediment between surveys. This overall erosion appears 
to be more uniform in Area A and more localised in Area B. The relatively small 
scale of these repeat surveys in a shelf context makes it difficult to identify 
where this sediment has been deposited or to identify all the erosive processes 
that contributed to this process.   
 
3.6.4 Limitations 
The lack of definitive data on oceanographic conditions across these two sites 
represents a significant data gap when assessing sediment transport at these 
two sites. Deployment of current meters, such as Acoustic Doppler Current 
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Profilers (ADCPs), presents challenges in such a dynamic environment due to 
the possibility of burying through accretion of sediments. Additionally, the 
shiptime grant associated with this research could not allow for the deployment 
and recovery of moored equipment over the time periods required to acquire 
meaningful current data. Not only would this accurate flow data be invaluable to 
understanding localised flow regime, it would further validate the hydrodynamic 
model upon which many hypotheses included in this chapter are based. It can 
be argued that the Marine Institute’s ROMS model is limited in application for 
these two sites. Horizontal resolution is too low to allow proper interrogation of 
flow rates across differing zones of sediment type, bedform or migration rate. A 
depth averaged vertical resolution also means that the distance of output data 
from the seafloor can vary greatly. This also calls into question the accuracy of 
the flow velocities which the model calculates at this scale. This lower resolution 
mesh is unable to account for localised flows around islands and headlands, 
and by design, must smooth coastline to compliment cell size. It does however 
present the most comprehensive of all existing models considered as part of 
this research, including data spanning the required time and area (including 
depth), regular validation and outputs which can be easily accessed. It is clear 
that further studies into the drivers of formation and migration of these bedforms 
would benefit greatly from a hydrodynamic model designed with sediment 
transport processes in mind, including an increased horizontal and vertical 
resolution over bedforms and the ability to create outputs specific to seabed 
processes such as bed stresses (Cacchione et al., 2008, Kheiashy et al., 2010, 
Staneva et al., 2009, Thiébot et al., 2015). It may be possible, through the 
description of cores aligned with seismic lines, to better define the nature of the 
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acoustic units identified in Fig 3.9 and 3.13. An understanding of the 
composition of these units would allow inferences to be made as to the volume 
of sediment which is moving the foresets within the seismic data to be identified,  
 
3.6.5 Significance of Sediment Migration 
Analysis of data from Area A, characterised by large asymmetric sand waves, 
has revealed highly mobile sandy sediments. These sandy sediments appear to 
be reworked in a rotational current generated by the morphology of an offshore 
tidal sandbank isolated on a largely planar, gravel-covered portion of the Irish 
shelf (Evans et al., 2015, Huthnance, 1973, Plets et al., 2011, Williams et al., 
2000). The retention of these sediments may be dependent on the unique 
hydrodynamic conditions in the area (Bartlett and Celliers, 2016). This is 
significant for several reasons. Proposals are in place to install an offshore tidal 
turbine at Inishtrahull Sound ~15 km to the southwest (Fig.3.1) (Rourke et al., 
2010). While research concerning the downstream effects of these installations 
is ongoing, an alteration to the hydrodynamic regime that creates and maintains 
these giant sandwaves is possible (Barrie and Conway, 2014, Thiébot et al., 
2015). Modelled data of proposed sites around the globe suggest that turbine 
effect on sediment transport can be far reaching and typically reduces flow 
energy downstream (Ahmadian et al., 2012, Neill et al., 2009). This reduction in 
downstream flow could result in a potential break down in these sandwaves 
(Nash and Phoenix, 2017). This would result in the release of large volumes of 
soft sediment across an otherwise rock and gravel-dominated shelf area. This 
not only could have an effect on benthic organisms in the area (Hendrick et al., 
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2016), but may also have implications for marine installations themselves 
(Morelissen et al., 2003). Given that the feasibility of marine engineering sites 
and routing of associated cabling is often governed by the stability and 
composition of the seafloor (Morelissen et al., 2003, Thiébot et al., 2015), the 
high mobility rates and large volumes of sediment contained within the 
bedforms at Area A should be taken into account (Martin-Short et al., 2015). 
Erosion and accretion of sediment on the shelf can also impinge onto 
processes further inshore. Sediment budget, affected by shelf sedimentary 
transport processes, is an important factor in determining appropriate 
management of marine resources such as aggregates and the location of 
dredge disposal sites, especially in areas of coastline vulnerable to erosion by 
wave action (Rosati, 2005). Habitat classification has become increasingly 
important in the marine environment to enable adequate management of our 
waters. Further understanding of the rate at which the seafloor moves in this 
area has implications for this, with sediment type and mobility forming the basis 
of Joint Nature Conservation Committee (JNCC) / EUropean Nature Information 
System (EUNIS) biotope selection. Current flow and sediment mobility are 
difficult to interpret via conventional methods used in habitat mapping such as 
video tows, yet both are important factors in determining area suitability for a 
given species (Reise, 2002). This knowledge of bathymetric change may then 
be used to identify areas which undergo periods of erosion and inundation, 
which is important to sessile organisms and may have implications for fishery 
breeding grounds (Levin and Dibacco, 1995). Lastly the evaluation of erosion 
and accretion processes has also been highlighted as key to the management 
of historically significant wreck sites, of which there are many adjacent to the 
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study area (Brennan et al., 2013, Quinn and Boland, 2010). The rates of 
sediment migration and net flux of sediment are clearly of significance on the 
north Irish shelf, however the methodologies to assess them and the 
implications discussed here are applicable other shelf environments globally.  
 
3.7 Conclusions 
 
• A multi-method approach for the assessment of sediment transport has 
been utilized effectively in a high energy, continental shelf environment. The 
use of ArcGIS hydrology tools in the application of wave crest determination 
and ET Geowizards scripts for measuring crest displacement has proved to 
be a time effective and quantitative way to quickly generate information on 
bedform migration. Backscatter classification has allowed a complete picture 
of the nature of the surface sediments characterizing the bedforms and 
surrounding areas, while seismic profiles can reveal information about 
sediment dynamics over time. 
• A combination of MBES, seismic profiling and sediment ground truthing 
have provided a more complete picture of the sediment transport processes 
occurring on the north Irish shelf. Both areas surveyed revealed mobile 
sediments with distinct migration directions controlled by a primary factor, a 
rotational current at Area A, and ‘The Ridges’ rock outcrop at Area B. The 
use of multiple repeat surveys has also highlighted oscillation of sandwaves 
at a spatial scale longer than their wavelengths. The utilisation of MBES in 
analysing both horizontal and vertical change across these two sites has 
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been effective on a decimetre scale and is corroborated by existing 
hydrodynamic models of the area.   
• This work suggests that shorter time intervals between successive surveys 
and improved spatial data resolution for both hydrodynamic conditions and 
sediment distribution are required to improve the validity of these inferences 
made regarding sediment transport.
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Chapter 4 – Hydrodynamic modelling of bedform 
formation and sediment transport: insights into modern 
and relict bedforms 
 
 
Evans, W., Benetti, S., Jackson, D., Lyons, K., Dabrowski, T. Hydrodynamic modelling 
of bedform formation and sediment transport: insights into modern and relict bedforms. 
 
 
4.1 Introduction 
 
Understanding of shelf sediments, bedforms and their mobility is becoming 
increasingly important as anthropogenic interactions with our coastal 
environments rise (Barnard et al., 2013, Daniell, 2015, Rosati, 2005). Early 
investigations into shelf sediments were conducted by the Victorians, using wax 
plugs to capture a seafloor sample when measuring water depths (Mayer, 
2006). Since then, marine surveys have become increasingly sophisticated over 
time, with modern equipment presenting 3D imagery of the seafloor, surface 
sediment composition through backscatter data and sub-seafloor imagery 
through seismic data analysis (Davies and Thorne, 2008, Li et al., 2012). A 
range of deployable equipment has also been developed such as Acoustic 
Doppler Current Profilers (ADCPs) which can measure current velocity and 
suspended sediment through water column noise (Hoitink and Hoekstra, 2005, 
Holdaway et al., 1999), or sediment transport specific landers such as Sediment 
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Transport And Boundary Layer Equipment (STABLE) (Huthnance et al., 2002). 
These devices are left in situ to record data for defined periods to be retrieved 
at a later date thus removing the requirement for constant monitoring over 
extended time periods. An alternative means to investigate sediment transport 
is the use of scale models to represent real world environments (Curran et al., 
2015, Xu et al., 2010). Much of the knowledge on the formation of bedforms 
and their migration has been developed in these controlled flume tank / wave 
tank experiments (Messaros and Bruno, 2010, Rubin and Ikeda, 1990).  
While in situ measurements are an important element to any marine 
investigation they often come at high cost. Marine research vessels and 
associated equipment are expensive to deploy even for short periods of time 
(Huthnance et al., 2002, Thorne and Hanes, 2002). It may also be the case that 
the area of research interest is simply too large for in situ measurements or 
deployable equipment to generate a scientifically robust data set from which 
conclusions can be drawn (Brown and Blondel, 2009, McBreen et al., 2011). 
Increasingly, hydrodynamic models have been incorporated into sediment 
transport investigations to provide water column data at a range of scales. They 
can be used to calculate bed stress and turbulence, important drivers in 
sediment transport (Davies and Xing, 2002, Liu and Huang, 2009). Models can 
also support or disprove assumptions made based on asymmetry, sediment 
grain size or time-lapse survey measurements (Bellec et al., 2008, Bøe et al., 
2009). Hydrodynamic models range in size with Global ocean models providing 
an excellent overview of large-scale phenomena such as El Niño or the North 
Atlantic Oscillation However it has long been recognised that it is the shelf and 
coastal regions that are the centres of biological productivity, chemical cycling 
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and socio-economic importance (Barnard et al., 2013, Crowder and Diplas, 
2000, Holt et al., 2009, Shan et al., 2011). It is also in these coastal regions that 
an understanding of sediment transport is critical to maintaining shipping lanes, 
managing sediment budgets and siting of marine engineering projects (Staneva 
et al., 2009, Rodríguez and Dean, 2009), As a result of this need for coastal 
modelling, there has been an increase in resolution from global models at a cell 
size resolution of ~200 km, to cell sizes of less than 1 km resolving complex 
coastlines within confined bays and inlets (Brière et al., 2007, Shan et al., 2011, 
Sheng and Yang, 2010, Staneva et al., 2009, Wu et al., 2011). These coastal 
models, however, are not entirely removed from the larger global scale models. 
Each boundary for a hydrodynamic simulation requires a time series of inputs to 
drive the numerical calculations. These are typically wind, tide, atmospheric 
pressure, runoff or some anthropological input to a system (Béranger et al., 
2004, Wakelin et al., 2008, Zanuttigh, 2007). As a result, coastal or regional 
ocean models typically use inputs from a global model as forcing boundary 
conditions (Holt et al., 2009, Shan et al., 2011, Sheng and Yang, 2010, Staneva 
et al., 2009).  
Several areas in Irish territorial waters have proved both challenging and of 
great interest to modellers, in particular, the Irish Sea, the Malin Sea, and the 
North Channel with the ebb and flow of its tidal streams (Fig. 4.1). The latter 
areas were selected for investigation due to varied seafloor morphology 
including submarine canyons, shallow banks and ridges, which not only made 
simulating real world conditions a challenge, but also ensured that the research 
could be applicable to many shelf environments around the globe (Davies and 
Xing, 2002). The natural constriction of the North Channel (Fig. 4.1) also 
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provides an excellent location to examine water exchange processes between 
the Irish Sea and waters of the Atlantic (Knight and Howarth, 1999, Young et 
al., 2000). Early attempts to model oceanographic processes in these regions 
were 2D and coarse (>1 km) in resolution. While allowing numerical analysis of 
flows at a particular height in the water column, elements such as turbulence, 
bed stress and vertical currents could not be examined (Davies and Gerritsen, 
1994, Xing and Davies, 1996).  
 
Fig. 4.1 Study area with distribution of bedforms of interest. Tidal station locations are shown 
spanning the model domain. Model extent with bathymetric data is also indicated (Inset). 
 
These early models, however, illustrated the importance of tidal phases within 
coastal waters, in particular the influence of the M2 and M4 tidal harmonics 
around Ireland (Sinha and Pingree, 1997). When the complex hydrodynamics of 
the North Channel were successfully simulated using a 3D model, numerical 
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analysis of water flows began to show their full potential (Young et al., 2000). 
(Xing and Davies, 2001) utilised a similar 3D model to fully examine complex, 
shelf edge flows, mixing and internal waves in the Malin Sea. In a similar study 
(Lynch et al., 2004) utilised models (FUNDY, THURXTON and QUODDY) to 
identify a seasonal current circulation on the Irish west coast, which has since 
been linked to the transit of anadromous fish, spawning cycles of commercially 
important species and the appearances of harmful algal blooms during the 
summer months (Goodwin et al., 2013, Raine, 2014). 
While simulation accuracy is governed by the resolution of the model mesh 
used, computational capability may also be a limit on model resolution 
(Callaway et al., 2011b, Crowder and Diplas, 2000, Knight and Howarth, 1999, 
Legrand et al., 2006, Young et al., 2000). As a result, model meshes of varying 
resolution can be utilised to downscale grid size over areas or objects of interest 
(Legrand et al., 2006, Staneva et al., 2009). These nested mesh models are 
typically used in areas with complex coastline or tidal harmonics and have been 
used to great effect on Canadian macrotidal inlets (Sheng and Yang, 2010), for 
Atlantic hurricane storm surge prediction (Shan et al., 2011) and sediment 
accretion assessment of shipping channels in the German Bight (Staneva et al., 
2009). Applications for these hydrodynamic models are ever expanding. In an 
Irish shelf context, these numerical simulations have been utilised to examine 
biological properties such as chlorophyll content (Dabrowski et al., 2014, 
Siddorn et al., 2007), nutrient fluxes at depth (Moll and Radach, 2003, Proctor 
et al., 2003) distribution of pollutants (Callaway et al., 2011a, Raine, 2014) and 
defining sites with greatest marine renewable energy potential (Rourke et al., 
2010).   
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While previous investigations into modelled shelf currents and possible 
interactions with shelf sediments have been investigated at a coarse >2 km 
resolution, they did not have access to wealth of high-resolution bathymetric 
and sedimentary data that have become available for the Irish continental shelf 
in the last 10 years. This research aims to utilise this high-resolution 
bathymetric data (ranging from 20 m to 2 m) and recent studies of sediment 
distribution on the shelf to generate a higher resolution, sediment transport 
specific hydrodynamic model for the north Irish shelf. To this end, a nested 
mesh model encompassing an offshore area of 103,000 km2 (Fig. 4.1, inset) 
has been generated with the capability to resolve hydrodynamic conditions at a 
scale more relevant to bathymetric data. This nested mesh approach allows 
shelf-wide measurements of current speed to be calculated at <1 km resolution 
while in areas of special interest identified from MBES data, maximum 
resolutions of 5 – 10 m have been achieved. This flow data can then be 
analysed alongside sediment grain size to make robust predictions of sediment 
transport (Hjulstrom, 1935, Miller et al., 1977). Further to this, bed stress 
simulation accuracy has been improved by including sediment grain size 
distribution as a model input. Bed stress is a key factor in measuring the 
likelihood of a specific sediment type to become mobile and significant effort 
has been made to ensure this output is as realistic as possible (Huthnance et 
al., 2002, Miller et al., 1977, Wu et al., 2011).  
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This newly developed hydrodynamic model is utilised here to: 
 
• Investigate the formative processes influencing selected bedforms 
mapped on the north Irish shelf by (Benetti et al., 2010a) and (Evans et 
al., 2015)  
• Validate assumptions based on asymmetry and time lapse MBES 
measurements made in Chapter 3 relating to bedform mobility. 
• Identify if classification of these bedforms as actively mobile is 
substantiated by model data   
 
4.2 Regional Setting and rationale for selection of seabed 
features 
 
The study area encompasses the north Irish Shelf and includes sections of the 
Rockall Trough and approaches to North Channel between Scotland and 
Northern Ireland (Fig. 4.1). As a result, depth ranges from ~2000 m at the 
bottom of the continental slope to 180 m at the shelf edge, from which depths 
vary more gradually to shore. Recent mapping programmes have significantly 
increased knowledge of bathymetry in this region and have resulted in 
identification on the seafloor of glacial bedforms such as moraines, drumlin 
fields and iceberg scour marks (Benetti et al., 2010b, Dunlop et al., 2011, 
O'Cofaigh et al., 2012), and contemporary bedforms such as sand sheets and 
ribbons, as well as mapped surface sediment distribution (Evans et al., 2015, 
Plets et al., 2012). Much of the shelf is composed of gravelly, coarse sand and 
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gravels with coarse sediments and bedrock dominating the inshore waters <50 
m. Mud and silt distribution is confined to bathymetric depressions considered 
to be low energy environments. Fine to medium sand distribution is localised 
and relates to the contemporary bedforms identified by (Evans et al., 2015), 
some of which have been selected for further investigation as part of this 
research (Fig. 4.1). They include sand ribbons, giant sandwaves, rounded 
trochoidal waves and isolated waves, which were selected to enable analysis of 
hydrodynamic conditions across varying bedform morphology, water depth, 
sedimentary composition as well as assumed transport potential. Sand ribbons 
in the area form elongated ridges up to 16 km long and 1.2 km wide (Evans et 
al., 2015). The orientation of these crests give indication of dominant flow 
direction across a large section of the shelf (Belderson et al., 1982, Hanquiez et 
al., 2007a). Giant sand waves composed of coarse sand are up to 20 m high 
and have crests reaching 5 km long. Located in 35 m water depth, these waves 
were selected due to the high degree of asymmetry they display. This is an 
indicator of bedform mobility (Belderson et al., 1982, Besio et al., 2008c, 
Kenyon and Stride, 1970, Van Landeghem et al., 2009b, Van Landeghem et al., 
2012). Chapter 3 utilises MBES data collected several times at the same 
location to confirm this interpretation, measuring an annual migration of 7.7 m 
yr-1. Rounded deep water trochoidal waves were chosen to examine the 
hydrodynamic energy in proximity to bedforms which display indicators of low 
mobility, in this case rounded crests and low asymmetry (Terwindt and Brouwer, 
1986). The high energy of this environment has led to difficulty in collecting 
annual in situ data and has resulted in a seasonality bias with higher resolution 
data collected in calmer months (McMahon, 1995). The result has been reliance 
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upon remote sensing methods, langrangian and eularian floats to study much of 
the oceanographic conditions on the north and west Irish shelf (Fernand et al., 
2006, Inall et al., 2009, Pingree et al., 1999). A number of studies described 
common oceanographic patterns (Fernand et al., 2006, Inall et al., 2009, Lynch 
et al., 2004, Pingree et al., 1999, Raine, 2014, White and Bowyer, 1997). The 
most prominent is the northward flowing European Slope Current (ESC), which 
closely follows the shelf edge offshore Ireland for some 1600 km (Inall et al., 
2009). Described as a barotrophic, geostrophic flow with velocities controlled by 
bathymetry (Pingree et al., 1999), flows from the ESC in excess of 0.66 m/s 
have been recorded in portions of the northwest Irish Shelf, with peak flows 
typically occurring during winter months. The ESC makes intrusions onto the 
shelf, between 55oN and 56oN, resulting in a split in the current. These 
intrusions appear to relate to winter conditions (Souza et al., 2001). The ESC 
has remained the defining feature of multiple studies, using a variety of 
instruments, across a 15-year period and illustrates its persistence as the 
dominant oceanographic characteristic of the Irish shelf. It is therefore feasible 
to envisage that this current has influenced sediment transport and bedform 
formation in the path of its flow (Masson et al., 2004). Understanding the 
potential mobility of these features and the forces driving sediment transport are 
of relevance in both an Irish and global context. Habitat mapping relies heavily 
upon sediment type and flow velocity as part of biotope classification processes 
(Reise, 2002). Further to this, sediment movement is particularly important for 
fishery breeding grounds and sessile organisms where inundation by new 
sediments can lead to unsuitability for spawning or attachment (Levin and 
Dibacco, 1995).  This shelf region experiences high wind and wave energy from 
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Atlantic Ocean weather systems (Fernand et al., 2006). Forecast models 
suggest this wave energy is set to increase due to alterations in wind fields as a 
result of global warming predictions (Dodet et al., 2010, Zacharioudaki et al., 
2011).  
 
4.3 Methods 
4.3.1 Model 
 
The hydrodynamic model selected to simulate currents on the north Irish shelf, 
Mike 3 by DHI, is capable of simulating flows in estuaries, bays and coastal 
areas. Three-dimensional models in marine environments require mass 
conservation, momentum conservation, conservation of salinity and 
temperature and also equations relating local density to salinity, temperature 
and pressure (Ferziger, 1987). For this reason, Mike 3 by DHI utilised the mass 
conservation equation, The Reynolds-averaged Navier-Stokes equations which 
describe how the velocity, pressure, temperature and density of a moving fluid 
are related (Chorin, 1997, Lewis, 1980). The Reynolds component of the 
equation expresses the ratio of inertia forces to viscous forces. Lastly 
Boussinesq assumptions are included to better calculate propagation of flow 
from deep to shallow water (Madsen et al., 1991), particularly important given 
the range of depths within the model domain here 
(https://www.mikepoweredbydhi.com/products/mike-3) . Inputs into the model 
include: MBES bathymetry, atmospheric pressure data, variable bed roughness 
data and tidal elevation data for boundaries.  
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Land boundaries were converted from Geological Survey of Ireland (GSI) 
coastal shape files with non-wet/dry offshore islands digitised as polygons to 
exclude them from the computational mesh. Five open model boundaries were 
selected to avoid areas of rapidly varying bathymetry and to promote 
perpendicular intersections with land boundaries in an effort to mitigate 
erroneous results (Fig. 4.3A). Due to their open-ocean, deep-water location 
which can often cause issues with wave build up in the model, a boundary in 
the northwest has been designated a ‘Flather’ boundary to improve model 
stability, with the validated Marine Institute ROMS model providing additional 
inputs (Flather, 1976, Oddo and Pinardi, 2008, Sleigh et al., 1998). This allows 
waves to propagate out beyond the model boundary and ensures tidal elevation 
input at the model extents remains realistic.  
To provide an overview of shelf conditions, a flexible triangular mesh with a 
maximum element size of 3x105 m2 was generated, resulting in 113,963 nodes. 
MBES data collected as part of Joint Irish Bathymetric Survey (2 m resolution, 
JIBS), of the Irish Nation Seabed Survey (20 m resolution, INSS) and of the 
Integrated Mapping For the Sustainable Development of Ireland’s Marine 
Resources programme (20 m resolution, INFOMAR) form the baseline 
bathymetry for the model. In offshore areas where this high-resolution data (<20 
m) is not available, General Bathymetric Chart of the Oceans (GEBCO) data at 
1 km resolution was used to complete depth interpolation across the entire 
mesh (IOC et al., 2003). None of the features discussed in this research are 
sited within a 10 km radius of this lower resolution data, in order to maintain 
accuracy of bathymetric influence. This bathymetric data was interpolated into 
the mesh using a natural neighbour algorithm and then smoothed through 100 
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iterations to improve simulation performance. Vertical resolution was defined by 
a combination of 6 sigma and 5 z-layers (Song and Haidvogel, 1994). Sigma 
layers allow a more accurate representation of seabed contours but require 
more computational effort to simulate. Sigma layer distribution was varied to 
increase resolution in the boundary zone as illustrated in Fig. 4.2A and 4.2B 
(c=0.1, =4, =1). Z layers are useful to resolve deep section of the model 
where high-resolution outputs for the water column are not required. As Fig. 
4.2C shows, the reduction in computation requirement comes at the cost of 
seafloor resolution, creating the blocky appearance. As a result z layers have 
only been used to resolve areas beyond the shelf break and a suitable distance 
from areas of specific interest (Song and Haidvogel, 1994). 
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Fig 4.2 Diagram illustrating vertical mesh setup in Mike by DHI. A and B illustrate the use of a 
variable approach to model layers when higher resolution close to the seafloor is required. C 
demonstrates the effect of sigma and z layers on resolution of bathymetry. 
 
This mesh was then adapted to increase resolution over areas of interest, with 
element sizes of 300 m2 achieved resulting <22 m between data points. The 
time-period modelled spans 365 days between 2003 and 2004 with data binned 
in 20-minute intervals to maintain accuracy across the tidal curve. This period 
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was selected to coincide with the dates of multibeam acquisition, the data from 
which forms the basis of bedform classifications. It also represents a length of 
time relevant to seasonal variation and tidal harmonics. 
Tidal elevations at boundaries are derived from the Technical University of 
Denmark (DTU), Global Ocean Tide model with a resolution of 0.125º x 0.125º 
and including 12 major tidal constituents. Atmospheric forcing is derived from 
European Centre for Medium-range Weather Forecasts (ECMWF) data, which 
provides mean sea level pressure with u and v wind velocities every 6 hours at 
a 0.1º x 0.1º resolution. This atmospheric model data was provided by DHI’s 
hindcast modelling department and was optimised for use with the mesh 
designed for this research.  
To more accurately simulate bed stresses across the area, a variable bed 
roughness is included. Sediment grain size derived from backscatter 
classification carried out by (Evans et al., 2015) between 2 m and 12 m 
resolutions is used to calculate a Nikuradse roughness value (typically 2.5 x 
grain size) with the exception being areas of <63 , where morphology typically 
becomes the governing factor on bed stress (Nielsen and Guard, 2011). In non-
surveyed areas where backscatter classification data is unavailable, values 
were chosen based on United Kingdom Seamap data (McBreen et al., 2011).  
Model validation was carried out by comparing simulated elevation data to 
Global Ocean Tide model elevations and measurements at 5 coastal tidal 
gauges (Arranmore, Killybegs, Malin Head, Port Ellen and Portrush) (Fig. 4.1). 
Root mean square errors between simulated and measured tidal elevations 
were calculated and a percentage agreeance value generated (Gunn and 
Stock-Williams, 2013). This method of validation has been selected due to the 
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size of the model area, lack of current data and the associated difficulties with 
using current data to validate complex flow regimes across a large area (Gunn 
and Stock-Williams, 2013).  
The model outputs include: maximum and mean current velocities and bed 
stresses. These are the data that can provide the key hydrodynamic information 
to interpret the formation of seafloor bedforms (Wu et al., 2011). 
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4.4 Results 
4.4.1 Current Data 
 
Modelled current velocities at the near-bed zone across the shelf range from 
negligible to 3.8 m/s with an average flow rate of 1.2 m/s. Peak flow (Fig. 4.3A) 
rates display considerable variation in current speeds. The nature of maximum 
velocity calculations means they may be accounted for by a single snapshot in 
time or a short-term process such as a storm. As a result, many of the bays in 
the model mesh exhibit peak velocities exceeding 1 m/s. These high velocities 
are also apparent in the North Channel and to the north of Malin Head. The 
Rockall Trough, Malin Deep and a shelf region between 8º58W and 9º35W are 
the few areas to maintain consistently low flow velocities of less than 0.2 m/s. 
Lowest flow rates <0.1 m/s occur in the Rockall Trough and Donegal Bay areas 
of the model domain. The majority of the remaining shelf area experiences 
average flow rates of between 0.1 and 0.3 m/s (Fig. 4.3B). Localised increases 
in these rates occur proximal to sea loughs (Loughs Swilly and Foyle) and 
around areas of constricted flow (offshore islands and the North Channel). In 
these areas mean flow rate can exceed 0.8 m/s.  
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Fig. 4.3 Analysis of hydrodynamic flow velocities in the boundary layer across the model 
domain, A, maximum flow (m/s) and B, mean flow (m/s). The shelf is clearly defined by a drop in 
maximum flow west of -9ºW. Mean and maximum flows are noticeably higher in the approaches 
to the North Channel. Solid red lines (A) indicate 5 model boundaries, dashed red line indicates 
the location of the single Flather boundary.  
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4.4.2 Bed stress Data   
 
Bed stresses were calculated across the shelf using high-resolution bathymetry, 
sediment grain size distribution and hydrodynamic forcing as inputs 
 (Equation 1) where: 
 C = bed shear stress (N/m2) 
 = density of fluid (kg/m3) 
V = mean current velocity (m/s) 
c= current friction factor (composed of water depth and bed roughness) 
 
Bed stresses across the north Irish shelf region vary greatly (Fig. 4.3A&B). 
Mean bed stresses throughout the simulation revealed zonation of energies 
(Fig. 4.4B). Low bed stresses, incapable of mobilising even muds <0.03 N/m2; 
(Miller et al., 1977, Wilcock, 1993), are located in the Rockall Trough, Malin 
Deep and in the Donegal Bay area. Bed stresses >0.03 N/m2 are confined to 
coastlines and embayments. The majority of the shelf-mean bed stresses are 
composed of forces capable of mobilising muds (0.03 – 0.14 N/m2)(Fig. 4.4B). 
Model calculations indicate that elevated bed stresses with enough energy to 
initiate the movement of sand (>0.15 N/m2) (Miller et al., 1977, Wilcock, 1993) 
typically occur in bays and inlets and increase in prevalence towards the 
entrance to the North Channel. As a result the simulations show that all sands, 
east of 7º44W have the potential to be mobile under mean bed stress 
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conditions excluding localised pockets of lower energy like those apparent 
around 6º38W. Forces capable of mobilising gravels (>1.3 N/m2) (Miller et al., 
1977, Wilcock, 1993), are present only in close proximity to shore and in the 
narrowing North Channel. Maximum bed stresses (Fig. 4.4A) represent the 
peak forces acting on the seafloor over the one-year duration of the simulation.  
While it is accepted that mean bed stresses present a better overview of long 
term processes (Wu et al., 2011), maximum values that may be the result of a 
solitary event (e.g. storm) provide insight into the upper range of energies acting 
across the simulation domain (Wu et al., 2011). Model results indicate that 
maximum stresses are capable of transporting sands across the majority of the 
shelf region. Areas of lower energy are confined to the Malin Deep, shelf and 
Rockall Trough. Three distinct bands of these lower energies occur at 55º12N 
9º35W, 55º15N 8º46W and 55º52N 8º08W. The first, which spans a larger outer 
glacial moraine is 32 km wide and 44 km long (Fig. 4.1) and can be 
distinguished from the low energy Rockall Trough environment by a narrow 
band of increased bed stress running parallel to the shelf break in a north-south 
orientation. The second, occurring at 8º46W is 22 km wide and 56 km long. This 
location coincides with an area of bathymetric depression some   10 m lower 
that the surrounding seafloor. The final area is 65 km by 30 km and is another 
area of increased water depth known as the Malin Deep. Highest stresses (>1.3 
N/m2) occur in embayments and the North Channel entrance and in a band 
between 7º28W and 6º46W.  
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Fig. 4.4 Statistical analysis of bed stresses across the model domain (N/m2). A indicates 
maximum stresses while B illustrates the mean bed stresses for the simulation period. Elevated 
mean and maximum bed stresses typically occur in shallows, sea loughs and constricted 
channels around islands. 
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4.4.3 Validation 
 
Across the five tidal gauge stations used (locations in Fig. 4.1), agreement was 
achieved within the 95% range (Table 4.1). Given the large size of the modelled 
area, this agreement indicates that the model is accurately simulating 
magnitude and velocity of water body movement in the area.  
 
Table  4.1 
Tidal Station Root Mean Square Error 
  
Killybegs 4.2% 
Arranmore 3.6% 
Malin Head 2.2% 
Portrush 4.1% 
Port Ellen 3.9% 
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4.5 Discussion 
 
The north Irish shelf displays varied hydrodynamic flow and bed stress patterns 
that could be expected on an energetic shelf, encompassing a wide range of 
water depths, complex coastline and exposure to north Atlantic weather 
systems. By examining near-bed current velocity, bed stress and sediment 
grain size distribution, the potential mobility of the seafloor can be assessed 
(Miller et al., 1977, Wilcock, 1993). Areas of low bed stress correlate well with 
bathymetric depressions, most notably the muddy Malin Deep at 55º52N, where 
even peak stresses are incapable of initiating movement of these cohesive 
sediments (Fig. 4.4). Elsewhere, fine and medium sand distribution correlates 
well with stresses of <0.14 N/m2. This is particularly evident with sand patch 
distribution described in Evans et al (2014) between 9º50 and 8º57W (Chapter 
2 Fig. 2.8) and in bathymetric depressions further north at 55º27N.  Shelf 
sediment distribution analysis has revealed that surface sediments comprise 
mostly sandy gravels. Model outputs therefore suggest that while the energies 
required to initiate movement of the sand component of this sediment group are 
widespread, elevated energy capable of transporting gravel is rare (Hjulstrom, 
1935). This may account for the subtle nature of 1 m amplitude, sandy gravel 
lineations identified in (Evans et al., 2015) which occur at 55º30N. The following 
analysis of small-scale variation in bed stress and current velocity reveals 
further relationships between sediment distribution, bedform formation and 
bathymetry. The selected seabed features were investigated using a higher 
resolution mesh (in the order of 10’s of metres) to better understand localised 
hydrological processes contributing to the formation, evolution and potential 
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mobility of sedimentological features. This increased knowledge also better 
informs classification of bedforms as modern active features, or relict formations 
created during a period of differing hydrodynamic conditions.  
4.5.1 Sand Ribbons 
Elongate, 4 m amplitude ridges, previously identified as sand ribbons (Dunlop et 
al., 2011, Evans et al., 2015) correspond with areas of higher (0.16 N/m2) and 
lower (0.01 N/m2) bed stresses in the area between 8º52W and 7º58W (Fig. 
4.5). The levels of these forces indicate that there is sufficient energy acting 
upon these fine sands to initiate sediment transport (Hjulstrom, 1935, Wilcock, 
1993). This correlation suggests that transport is in an along-ribbon direction, 
confirming the bedform classification of (Evans et al., 2015) and identification of 
superimposed sand waves by (Dunlop et al., 2011).   
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Fig. 4.5 Model outputs for hydrodynamic forces over sand ribbon bedforms. A, maximum flow 
velocities and B, mean flow velocities (m/s) are indicated. C & D represent maximum and mean 
bed stresses respectively (N/m2). Note that scales are not standardized to better enable 
visualisation of variance in forces. Grey outlines show the distribution of the sand ribbons 
(Evans et al., 2015) in this area. Location illustrated in Fig. 4.1. 
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Fig. 4.6 MBES data illustrating sand ribbons and surrounding seafloor. Locations of current 
roses are also shown. Note the agreement between flow direction and bedform orientation with 
a dominant easterly flow.  
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Average current speeds in this area (Fig. 4.5B) of 0.2 m/s correlate well with 
this bedform morphology (Stow et al., 2009). Dominant flow direction agrees 
with the west-east orientation of these ribbons (Fig. 4.6). 
This orientation evident around 55º30N correlates with the suggested location 
of ESC intrusion onto the shelf (Inall et al., 2009, Souza et al., 2001), further 
corroborated by the southwest-northeast alignment of bedforms south of this 
latitude (Evans et al., 2015). 
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4.5.2 Giant Sand Waves 
Giant sand waves ~20 m in amplitude and up to 5 km in length (Fig. 4.7) are a 
contrast to the gravel covered shelf which surrounds them.  
 
Fig. 4.7 MBES data of giant sand waves and surrounding seafloor. Current roses A & B display 
a dominant south easterly current while C + D a stronger north westerly current. This correlates 
well with bedform orientation and asymmetry.  
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Fig. 4.8 Model outputs for hydrodynamic forces over giant sand waves shown in Fig. 4.6. Wave 
crests can be identified as areas of peak maximum flow (m/s) (A), and maximum bed stress 
(N/m2) (B). While less evident in mean flow (B) and bed stress (D), waves can be distinguished 
by corresponding areas of high and low energies. Scales are not standardised to aid 
visualisation.  
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Bed stresses acting upon this bedform (Fig. 4.8) have been calculated to range 
between 0.2 and 1.6 N/m2, energy levels more than capable of mobilising the 
coarse sands of which these waves are comprised (Hjulstrom, 1935, Wilcock, 
1993). Modelled currents in the area average 0.4 m/s increasing to 1 m/s at 
times of peak flow (Fig. 4.8). These flow rates are typical in the formation of 
sand waves of this grain size (Belderson et al., 1982, Stow et al., 2009). These 
waves display a high degree of asymmetry (Evans et al., 2015), often used as 
an indicator of substrate mobility (Németh et al., 2007, Van Landeghem et al., 
2012), which may be accounted for by these flow rates and the aforementioned 
bed stresses initiating and sustaining wave migration. Directionality of flow is 
affected heavily by the ebb and flow of tide in this area (Fig. 4.7), and flow plots 
C and D (Fig. 4.7) corroborate the identification of a rotary current in the area in 
Chapter 3.  
4.5.3 Rounded Troichoidal Waves 
Rounded troichoidal waves (Fig. 4.1, 4.9) comprised of coarse sand (Evans et 
al., 2015) are situated to the SE of the Malin Deep. They are located in a pocket 
of lower bed stress than the surrounding shelf area (Fig. 4.10). Mean stresses 
of 0.1 N/m2 are not typically capable of mobilising coarse sands, however, the 
bedform does undergo periodic increases of energy to a maximum of 0.6 N/m2 
(Fig. 4.10). As with bed stress, average flow velocities in the area of 0.2 m/s 
(Fig. 4.10) do not typically generate bedforms of this type, during periods of 
increased flow (0.6 m/s) however, coarse sand grain transport is possible(Fig. 
4.10) (Hjulstrom, 1935, Miller et al., 1977).  
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A         
Fig. 4.9 Rounded trochoidal waves. The bathymetric profile XY shows well their shape and 
rounded crests. Current rose (A) agrees with the orientation of these waves and extended 
periods of calm, even bi-directional flow and low velocities account for the bedforms 
morphology. 
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Fig. 4.10 Rounded trochoidal waves shown in Fig. 4.9 (black outline) are situated in areas of 
lower maximum (A) and mean (B) flow velocities (m/s). They also coincide with the lowest 
values of maximum (C) and mean (D) bed stresses (N/m2) on this section of the shelf. 
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Waves typically adopt a symmetrical profile due to an equal bi-directional, 
transverse crest flow, while rounded crests indicate low mobility or periods of 
dormancy (Bartholdy et al., 2010b, Lefebvre et al., 2014). The mean bed stress 
(0.1 N/m2) and flow levels (0.2 m/s) are not capable of initiating transport of 
coarse sand in this area (Hjulstrom, 1935, Miller et al., 1977). This may account 
for rounded wave morphology and supports the hypothesis that this formation 
undergoes periods of inactivity. The energy levels capable of mobilising these 
coarse sands (e.g. teal coloured band Fig. 4.9A) are both short in duration and 
bi-directional, which suggests that while modern hydrodynamics did not cause 
these waves to form, they are capable of preventing complete wave 
degradation through processes such as bioturbation (Borsje et al., 2008). It is 
suggested that the formation of these waves occurred at a time of increased 
average hydrodynamic energies. These energies are typically associated with 
periods of lower sea level on the north Irish shelf (Neill et al., 2010, Terwindt 
and Brouwer, 1986, Uehara et al., 2006). It is therefore proposed that these 
waves formed in an environment with higher hydrodynamic energy and as this 
water levels rose, hydrodynamic forcing and sediment migration declined 
resulting in degradation of wave crest definition (Feldens et al., 2015, Terwindt 
and Brouwer, 1986). 
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4.5.4 Deep Water Trochoidal 
 
 
 
 
Fig. 4.11 Deep water trochoidal waves situated on the fringes of the Malin Deep. The 
bathymetric profile XY shows well their symmetric shape and rounded crests. 
Significant periods of calm and low flow velocities (current rose in A) support the 
hypothesis that these bedforms are relict. 
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 Fig. 4.12 Hydrodynamic forces surrounding deep water trochoidal waves shown in Fig. 4.10 
(black outline). Maximum (A) and mean (B) velocity outputs (m/s) indicate that the bedform 
occurs in an area of marginally higher energy extending north into the Malin Deep. This trend is 
also evident in mean bed stress (N/m2) outputs (D) but not in maximum bed stresses (C). 
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These waves occur on the fringes of the Malin Sea (Fig. 4.1, 4.11), identifiable 
as a coarse sand patch surrounded by the muds which typify this region (Evans 
et al., 2015). Average bed stresses are low, 0.03 N/m2 with a peak of 0.16 N/m2 
and lack the energies required to mobilise sediment of this grain size (Fig. 4.12) 
(Hjulstrom, 1935, Miller et al., 1977). Furthermore, average current speed (Fig. 
4.12) of 0.17 m/s struggles to form bedforms larger than ripples (Belderson et 
al., 1982, Stow et al., 2009). The rounded, symmetrical profile of these waves 
suggests that they are no longer actively mobile (Bastos et al., 2003, Knaapen 
et al., 2005), an interpretation substantiated by the consistently low 
hydrodynamic forces in the area. As with the rounded trochoidal waves in 
section 4.5.3 it is probable that these waves formed at a time of increased bed 
stress and flow velocity (Terwindt and Brouwer, 1986). 
4.5.5 Isolated Waves 
Fine to medium sand waves occur in isolation SE of the giant sand waves and 
close to the north Irish coastline (Fig. 4.1, 4.13). These waves undergo average 
bed stresses of 0.1 N/m2 with peaks of 0.5 N/m2, sufficient energies to mobilise 
these sands for the majority of the simulation (Fig. 4.14) (Hjulstrom, 1935, Miller 
et al., 1977). Flow velocities (Fig. 4.14) ranging from 0.2 m/s to 0.6 m/s are 
consistent with the formation of bedforms of this type (Stow et al., 2009).  
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Fig. 4.13 MBES visualisation of isolated waves with giant sand waves present in the NW of the 
image. Dominant flow (at higher velocity) to the NW indicated by current rose A corroborates 
with bedform asymmetry. The westerly element of the flow regime may account for variation in 
wave crest orientation. Profile asymmetry indicates marginal transport to the northwest. 
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Fig. 4.14 Isolated waves located to the SW of giant sandwaves (black outline) are located in an 
area of reduced maximum (A) and mean (B) hydrodynamic flow velocity (m/s). Maximum (C) 
and mean (D) bed stresses (N/m2) indicated these waves are flanked to the north, west and 
east by areas of higher energy.  
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The fine and medium sands of which these waves are composed are enveloped 
by gravels and bedrock (Evans et al., 2015). The location 3 km downslope of 
the large concentrations of sediments, which form the GSW, and in an area of 
lower hydrodynamic forcing than in the west, north and east (Fig. 4.14), it is 
probable that this area of reduced energy allows sediments to drop out of 
suspension and therefore represents a depositional zone (Berelson, 2001, 
Hjulstrom, 1935). This would account for the existence of these soft sediments 
in this section of gravel dominated shelf. The migration of these isolated waves 
appears to be driven by the dominant current (Fig. 4.13) and is consistent with 
the findings of (Ediger et al., 2002) who also noted upslope movement of 
sediment waves in Italian waters.  
 
4.5.6 Outer Moraine 
The Irish Shelf has undergone multiple periods of glaciation and as a result 
many glacial features are identifiable in MBES data (Benetti et al., 2010b, 
Dunlop et al., 2011, O'Cofaigh et al., 2012). One these features, a moraine on 
outer shelf displays an atypical geometry and is not consistent with similarly 
classified features in the area. This moraine can be identified by gently sloping 
crests, wider dimensions and a segmented arrangement (Benetti et al., 2010b). 
A sediment drape of gravelly sands has been identified in (Evans et al., 2015) 
and while this may alter morphology via infilling, it does not account for unusual 
arrangement and increased proportions of the formation with respect to 
terrestrial moraines or those found further inshore on the Irish shelf. Despite 
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being located in an area of known ESC intrusions (Inall et al., 2009, White and 
Bowyer, 1997), modern bed stresses over the moraine average 0.05 N/m2 with 
peaks of 0.18 N/m2 (Fig. 4.4) with boundary layer flows ranging between 0.15 
m/s and 0.3 m/s (Fig. 4.3). While these energies may be capable of mobilising 
muds, they lack the necessary force to initiate transport of coarse sands and 
gravels that overprint this feature, likely composed of highly compacted glacial 
diamicton (Freiwald et al., 2002, King, 1969). As a result, it is proposed that 
changes in the morphology of this moraine occurred via an alternative process 
to modern seabed currents or at a time of increased seabed energy e.g. during 
sea level transgression (Nio, 1976). 
 
4.5.7 Relative Sea Level and Paleotidal Conditions 
 The north Irish shelf has undergone changes in water depth, tidal range and 
bedstress since the Malin Shelf flooded somewhere between 21 ka BP., (Ward 
et al., 2016). Paleotidal models incorporating isostatic release have predicted a 
lowstand of -41m ~ 14,500 ka BP., (Bradley et al., 2011, Brooks et al., 2008, 
Kuchar et al., 2012) however this value varies across the Malin Shelf. Tides and 
tidal currents in the area up to 10 ka BP were driven by enhanced ocean tides 
and were significantly larger than present leading to increased flow and bed 
stresses (Uehara et al., 2006).  
By examining paleotidal models it is possible to better constrain the points at 
which specific sediments may have become mobile within our study area. 
Several bedforms have been identified as either relict, or having formed during 
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elevated hydrodynamic conditions and merely being maintained by modern 
conditions. (Neill et al., 2010) have shown that 10 ka BP. the location of this 
moraine underwent elevated bed stresses of 1 N/m2 for 40% of annual 
readings, rising to 100% approximately 12 ka BP (Neill et al., 2010). These 
energies are capable of transporting gravel-sized sediments which suggests 
some of the glacial sediment might have been mobile during both these periods 
(Wilcock, 1993). By 8 ka BP., these forces had reduced significantly enough to 
fall below the threshold capable of transporting gravels (Hjulstrom, 1935, Neill et 
al., 2010).  
Other bedforms identified as having paleo origins are comprised of sediments 
finer than gravel, the rounded trochoidal waves (Fig. 4.9) and deep water 
trochoidal waves (Fig. 4.11). (Neill et al., 2010) model suggests that the coarse 
sands in these bedforms were mobilised by minimum bed stresses 12 ka BP, 
and by mean conditions by 8 ka BP. During this period ~ 10 ka BP, (Ward et al., 
2016) modelled a reduction in water depths for both bedforms. Rounded 
trochoidal waves, currently found in 62 m water depth were predicted to have 
been situated in ~ 40 m at that time. Likewise the deep water trochoidal waves, 
found in 130 m water depth present day, were located in 70 m at 10 ka BP 
(Ward et al., 2016). Due to the large timeframes and low temporal resolution of 
these models, it is difficult to more accurately define at which point mean 
hydrodynamic conditions failed to reach the thresholds required to mobilise 
coarse sands. It is clear however that mobilisation of coarse sands and the 
cessation of gravel transport during mean conditions happened many 
thousands of years before present conditions.    
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 While there is scope to adapt the model developed for this research for paleo-
oceanographic applications, such simulations are complicated by the increased 
variables to create accurate reconstructions such as sea-ice cover, shoreline 
change, isostatic release and paleotidal elevation (Neill et al., 2010). Much of 
the research into changes in relative sea level and paleotidal condition works to 
compare various models in an effort to further define accepted timelines and 
values (Ward et al., 2016). As a result, it must be accepted that the values 
presented in this chapter represent the most recent work in an evolving field. 
Development of a paleomodel focussed on bedform formation and sediment 
distribution for the north Irish shelf, such as that by (Ward et al., 2015) presents 
an opportunity to further investigate the provenance of these bedfoms. 
 
4.6 Conclusions 
• A high-resolution hydrodynamic model was generated which enables the 
investigation of relationships between flow regime, bedform formation 
and morphology due to development of a flexible mesh at an appropriate 
scale.  
• Building on the shelf sediment composition and bedform classification 
work of (Evans et al., 2015), a close link between sediment distribution 
and hydrodynamic forcing has been revealed.  
• These links identify many oceanographic current pathways suggested by 
previous investigations in the region, including sedimentary record of 
possible ESC ingress onto the shelf.  
Hydrodynamic modelling of bedform formation and sediment transport: insights 
into modern and relict bedforms 
 
172 
• The integration of hydrodynamic models, high-resolution bathymetry and 
sediment distribution data is revealed as a robust method for analysing 
bedform formation and transport, including classification of relict and 
active features. Where potentially relict features have been identified, the 
use of paleo-oceanographic models to identify a time where 
hydrodynamic forces were capable of creating these formations has 
been highlighted.  
• This work has provided new insights into sediment transport and the 
formative forces creating key modern bedforms across the north Irish 
shelf.  
• The result is an approach to sediment transport investigation that is 
applicable to many global shelf seas, particularly those that have 
undergone periods of marine transgression. Further work is required to 
develop forecasting potential of this model informing predictions about 
pathways and migration rates of sediments, which are of particular 
significance to offshore engineering and habitat mapping.  
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Chapter 5 – An integration of high-resolution 
hydrodynamic modelling with time-lapse bedform 
migration on the north Irish shelf. 
 
Evans, W., Benetti, S., Jackson, D., Clarke, S., Sacchetti, F, Lyons, K. Integration of 
high-resolution hydrodynamic modelling and time-lapse bedform migration on the north 
Irish shelf. (To be submitted (Continental Shelf Research).  
 
5.1 Introduction 
 
Increased mapping efforts in Irish and UK waters have revealed an abundance 
of sediments waves and other seafloor bedforms varying in size and 
morphology distributed across inshore and shelf environments. Understanding 
of the formative processes creating these bedforms, their evolution and mobility 
are becoming of increasing importance due to the intensification of 
anthropogenic interaction with the marine environment (Barnard et al., 2013, 
Brennan et al., 2013, Holt et al., 2009); in particular when these, often mobile, 
bedforms are found around marine installations such as pipelines or tidal 
turbines (Knaapen and Hulscher, 2002, Morelissen et al., 2003, Thiébot et al., 
2015). In the investigation of sediment waves and other seafloor bedforms, 
common baseline data often take the form of a high-resolution bathymetry, 
typically collected by multibeam echosounders (Besio et al., 2008c, Knaapen et 
al., 2005, Li and King, 2007, Shaw et al., 2014, Van Landeghem et al., 2009b, 
Van Landeghem et al., 2012). By enabling accurate measurement of bedform 
An integration of high-resolution hydrodynamic modelling with time-lapse 
bedform migration on the north Irish shelf 
 
174 
geometries, MBES data assists in the classification of these features. This is not 
limited to applying nomenclature (Allen, 1980, Field et al., 1981, Wynn and 
Stow, 2002), but also enables the application of bedform matrix principles such 
as those in (Belderson et al., 1982, Stow et al., 2009). These classifications 
then allow inferences to be made about the oceanographic flow velocities 
around the bedform, its grain sizes and its potential mobility (Belderson et al., 
1982, Hjulstrom, 1935, Miller et al., 1977). A key measurement in both 
classifying and assessing the mobility of a sediment wave is asymmetry of wave 
profile. Asymmetry is calculated as the variation in length ratio between a gently 
sloping, longer stoss slope and a shorter, steeper lee slope. Transport is 
assumed to occur towards the lee slope, with a more varied ratio suggesting 
higher mobility rates (Belderson et al., 1982, Caston, 1972, Lobo et al., 2000). A 
symmetrical waveform, with equal length lee and stoss slopes, indicates low 
mobility rates (Ferret et al., 2010, Van Landeghem et al., 2012). The validity of 
geometry-based interpretations of sediment movement rate and directionality 
are coming under increasing scrutiny and also fail to provide insight as to the 
forces facilitating this transport (Besio, 2004, Van Landeghem et al., 2012). As 
a result, the need for further methods of measurement and validation has been 
highlighted. As with other types of field measurement in the marine 
environment, quantification of sediment mobility can be difficult, in particular 
with in situ measurements of sediment movement being expensive and 
unsuitable when considering mobility over a large area (Huthnance et al., 
2002). The use of sequential bathymetric surveys is proving increasingly 
beneficial as a means to measure horizontal and vertical change in the 
sedimentary bedforms due to the instrumental capability to cover a large area, 
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at up to centimetric, resolution, in a relative short period of time (Knaapen and 
Hulscher, 2002, Knaapen et al., 2005, Ma et al., 2014). For example, it has 
been shown that repeat multibeam surveys can be utilized effectively to 
document sandwave migration (Barnard et al., 2013, Knaapen et al., 2005, Van 
Landeghem et al., 2012). However, these time lapses are limited by the 
temporal resolution of subsequent surveys which can become particularly 
problematic when monitoring areas of high mobility (Barrie and Conway, 2014) 
(Smith et al., 2007). As a result, the forces that drive this mobility, typically 
hydrodynamics, can be the key to understanding the direction and rate of 
migration (Liu and Huang, 2009, Wu et al., 2011). The hydrodynamic forces that 
induce sediment transport are difficult to measure at the appropriate resolution, 
often requiring mooring of specialist equipment, such as Acoustic Doppler 
Current Profilers (ADCPs), offshore for extended periods of time (Thiébot et al., 
2015, Zanuttigh, 2007). Advances in numerical modelling and computational 
power have enabled the construction of hydrodynamic simulations capable of 
recreating real-world oceanographic conditions, based on a series of governing 
equations, thus reducing the need for extensive field measurements (Feldens et 
al., 2015, Zanuttigh, 2007). Obtaining outputs from these models at an 
appropriate scale is necessary, but simulation accuracy is often governed by 
the resolution of its computational mesh (Crowder and Diplas, 2000, Legrand et 
al., 2006). As the number of cells in a model mesh increases, computational 
effort required also increases, resulting in the need to compromise between 
data density, area of coverage and computational run time (Callaway et al., 
2011a, Young et al., 2000). More sophisticated models utilise computational 
meshes that allow variance in spatial resolution across a study area, resulting in 
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reduced simulation effort without compromising on data density. These nested 
meshes are useful where increased resolution is required to resolve flows in 
areas of complex coastline, narrow channels or harbours, intricate tidal 
harmonics or particular areas of interest, such as specific seafloor bedforms. 
(Legrand et al., 2006, Staneva et al., 2009, Sheng and Yang, 2010). From 
these models, it is possible to extract the forces that drive sediment transport, 
such as bed stress, turbulent kinetic energy, and flow velocity (Davies and Xing, 
2002, Liu and Huang, 2009, Wu et al., 2011). These outputs can then be used 
to validate interpretations based on other interpretations of sediment wave 
asymmetry or time lapse measurements. For the outputs of hydrodynamic 
models to accurately represent sediment mobility, model configuration should 
be optimised for simulating conditions at, or near to seabed. This is typically 
achieved by increasing vertical resolution close to seafloor, utilizing high-
resolution bathymetry and introducing a bed roughness distribution to enable 
accurate calculation of bed stress (Davies and Xing, 2002, Hall and Davies, 
2004, Wu et al., 2011). 
The aim of this study is to examine the relationships between bathymetric 
changes measured by repeat multibeam surveys carried out on the Irish shelf 
and a hydrodynamic model of appropriate scale. This will further understanding 
of the relationship between bed stresses, flow regime and sediment transport 
on the north Irish shelf in selected areas where mobile sediment waves of 
mixed geometry had been mapped (Chapter 3 & Fig. 5.1). To this end, the 
sediment mobility data from successive surveys described in Chapter 3 have 
been compared to outputs (bed stress and bottom flow velocity) from a modified 
version of the model described in Chapter 4.  The model was modified to 
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increase resolution of specific areas A & B to allow for detailed analysis of the 
hydrodynamic effects on migration down to an individual wave scale. Lastly the 
relationship between simulated forces and variances in morphological change 
are examined.  
 
5. 2 Study Area 
This study examines a narrow stretch of Malin shelf (<15 km) between the 
Scottish Hebrides and Northern Ireland, within Irish waters where high-
resolution bathymetric data exist (Fig. 5.1). Surveys conducted here have 
revealed a wide range of water depths, averaging 80 m, and reaching over 250 
m close to the North Channel (Cooper et al., 2002). The seafloor north of Malin 
Head is dominated by gravels and exposed bedrock (Evans et al., 2015, Plets 
et al., 2011), but the thickness of the sediment cover increases moving 
eastwards, forming thick planar deposits offshore of Lough Foyle (Cooper et al., 
2002, Plets et al., 2011). To the east of Lough Foyle, sediment cover remains 
varied with a combination of soft coastal sediments amongst outcropping 
bedrock (Westley et al., 2011). 
Waters off the north Irish coast experience seasonal temperature changes, 
prevailing westerly winds and exposure to Atlantic storm processes (Cooper et 
al., 2004, Fernand et al., 2006). The result is a highly dynamic environment with 
energetic wave climate (Jackson et al., 2005, Plets et al., 2011) which have 
been forecasted to increase in future years (Zacharioudaki et al., 2011). Tidal 
flows also have a prominent influence on the shelf oceanographic conditions. 
Bi-directional tidal flows experience elevated flows in the natural constrictions of 
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Inishtrahull sound. As a result, measured near bed velocities on the shelf at this 
point can exceed 1 m/s (Giorgi and Ringwood, 2013, Rourke et al., 2010). 
Two specific areas off the north Irish coast were selected for this study (Fig. 
5.1). The selection was based on the existence of MBES data acquired at 
different times over the same area (Chapter 3), high likelihood of mobility 
(based on asymmetry assumptions), and variation in bedform type. The extent 
of each area was designed to include a fixed depth object, such as exposed 
bedrock, in order to enable accurate correction of the MBES datasets from 
different surveys to a common datum (Knaapen et al., 2005, Schimel et al., 
2015). The proximity to proposed sites for marine renewable installation makes 
this work of relevance to proposed offshore installations on this section of shelf, 
but was not a deciding factor in the selection of the study areas (Giorgi and 
Ringwood, 2013, Rourke et al., 2010).  
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Fig. 5.1 Overview of areas selected for repeat survey and high-resolution hydrodynamic 
modelling. Areas A and B are the sites where time-lapse surveys where used to investigate 
sediment mobility and rates of crest displacement. For detail view of sites see Figs. 5.2 and 5,3. 
In Area A, isolated soft sediments forming giant asymmetric waves are a striking contrast to the 
surrounding shelf. Scouring evident in the sound south of Inishtrahull confirms measured high 
flow rates at this site. White colour denotes sections of seafloor with no MBES coverage. Inset 
shows the location of the study area on the Malin – Hebrides shelf. 
 
5.2.1 Area A  
Area A (48.8 km2) is situated 14 km from the coast in the western portion of the 
general study area between 7º19’W and 6º51’W and 55 º25’ N and 55 º27’ N, in 
waters ranging from 20 m to 50 m deep (Fig. 5.1 & 5.2A). This section of the 
seafloor contains an isolated pocket of coarse sand with shells, where large 
asymmetric sediment waves are found, surrounded by exposed bedrock, 
gravels and boulders (Evans et al., 2015, Plets et al., 2011). These striking 
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asymmetric sand waves have maximum heights of 20 m with waves decreasing 
in size as the bedform extends to the south-east. Average heights of 13 m and 
wavelengths of 326 m have been calculated for these waves with steep, lee 
slope angles up to 7.6º and clear asymmetry (Evans et al., 2015). Exposed 
bedrock in the form of Paleoproterozoic granitic gneiss is evident to the 
northwest and comprises part of the Inishtrahull Island complex, which exerts a 
significant influence on hydrodynamic flows in the area (Muir et al., 1994). The 
constricted flow between Inishtrahull and the north Irish coast generates some 
of the highest flow velocities in Irish waters and as such has been identified as 
a potential site for renewable tidal energy (Giorgi and Ringwood, 2013, Rourke 
et al., 2010).  
The investigation into sediment mobility using repeat geophysical surveys 
showed a migration in all sediment waves between the initial INSS survey in 
2004 and CV13030 in 2013 (Fig 5.2B). In this 9-year period, all waves migrated 
from ~10 m to 211 m with the large asymmetric waves showing a displacement 
of up to 70 m. Smaller amplitudes waves to the southeast display significantly 
lower migration rates of ~18 m on average, with slightly larger movements of up 
to ~30 m at crest ends. The north and central sections of the sand wave 
assemblage show movement in a south-easterly direction. In contrast, the 
crests in the south and west illustrate movement in a counter, north-westerly 
direction (Fig. 3.7, Chapter 3). The direction of migration is in agreement with 
wave asymmetry. 
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Fig. 5.2. (A) Extent of Area A. Large asymmetric waves are numbered 1-10 to aid in text 
description. A field of smaller sediment waves is delineated in the southeast (dashed line). 
Background bathymetry is from INSS survey (2004). (B) Calculated displacement of wave 
crests in 9 years between INSS survey (2004) and CV13030 survey (2013). Highest migrations 
(reds) occur in larger waves to the northwest. Lower displacements (green) typically occur in the 
wave field to the southeast.  
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5.2.2 Area B 
Area B (83 km2) is located between 6º30’W and 6º45’W and 55º14’N and 
55º18’N. It extends from the Causeway coastline in Northern Ireland up to 9 km 
offshore, in water depths ranging from 20 m to 155 m (Fig. 5.3). A rocky reef 
known as ‘The Ridges’ represents the largest exposed bedrock outcrop in the 
area, with a 1.6 km long crest extending up 40 m above the surrounding 
seafloor. Sediments in the area range from fine sands to gravelly deposits in 
deeper waters to the north and northeast. The deeper portions of Area B 
historically have been used for disposal of dredge material from nearby Lough 
Foyle (Bates, 1996).   
Area B displays variance of sediment wave morphology and classification.  
Notable features include three >20 m amplitude trochoidal waves, just south of 
the East Ridges, and an inshore linear shoal known as the Causeway Bank 
(Fig. 5.3A). Due to the number and variation in the shape of the sediment 
waves, the description of the results has been split into zones (shown in Fig. 
5.3A) to aid discussion, with specific values of bedform migration included in the 
results section. An average bedform migration of 14 m was calculated for the 6-
year time-lapse period, with the largest displacements of >70 m in the area of 
the East Ridges and the nearshore portion of the Causeway Bank (see Fig. 
5.3A). The lowest levels of migration are observed in the barchan dune field 
and in the trochoidal waves in the East Ridges area (1-5 m over 6 years). 
Migration was most prominent in gravelly sand, whilst lowest migrations rates 
were found in areas of fine sand (Figs. 3.9B and 5.3B). 
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Fig. 5.3. (A) Extent of Area B with the Ridges rock outcrop in its centre. Distribution of zone 
names created by author are defined in lower font size, place names in bold. Bathymetric data 
in a darker shade are from the CV13030 survey, whilst the background bathymetric data in 
paler colours is taken from the JIBS 2007 survey. (B) Calculated displacement of wave crests in 
6 years between JIBS survey (2007) and CV13030 survey (2013). High crest displacements are 
coloured red with lower measurements coloured green  
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5.3 Methods 
To model hydrodynamic forces on the north Irish shelf the software package 
Mike3 by DHI (https://www.mikepoweredbydhi.com/products/mike-3) was 
utilised. Three-dimensional models in marine environments require, mass 
conservation, momentum conservation, conservation of salinity and 
temperature and also equations relating local density to salinity, temperature 
and pressure (Ferziger, 1987). For this reason, Mike 3 by DHI utilised the mass 
conservation equation, The Reynolds-averaged Navier-Stokes equations which 
describe how the velocity, pressure, temperature and density of a moving fluid 
are related (Chorin, 1997, Lewis, 1980). The Reynolds component of the 
equation expresses the ratio of inertia forces to viscous forces. Lastly 
Boussinesq assumptions are included to better calculate propagation of flow 
from deep to shallow water (Madsen et al., 1991), particularly important given 
the range of depths within the model domain here 
(https://www.mikepoweredbydhi.com/products/mike-3). Land boundaries were 
derived from GSI coastal shape files, including offshore islands, which were 
removed from the computational mesh. Five open model boundaries were 
selected to avoid areas of rapidly varying bathymetry and to promote 
perpendicular intersections with land boundaries to mitigate erroneous results. 
Due to an open-ocean, deep-water location which can often cause issues with 
wave build up in the model, a boundary in the northwest has been designated a 
‘Flather’ boundary to improve model stability, with the validated Marine Institute 
ROMS model providing additional inputs (Flather, 1976, Oddo and Pinardi, 
2008, Sleigh et al., 1998). This allows waves to propagate out beyond the 
model boundary and ensures tidal elevation input at the model extents remains 
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realistic. As a consequence, the model domain is much larger than the area of 
interest on the shelf (Fig. 5.4A). A flexible triangular mesh was generated to 
encompass the entire domain. Unlike in Chapter 4, the areas of interest A and 
B are relatively small. Thus, a lower model resolution is required at distances 
further away on the shelf. Reduction of resolution away from the areas of 
interest also serves to significantly decrease the computational effort for the 
model. As a result, a nested mesh setup was designed with 16,994 nodes and 
32,180 elements. A coarse mesh with node spacing >5 km which reduces to a 
spacing of <5 m over areas A and B to creates a compromise between 
simulation time and appropriate data resolution (Fig. 5.4B). 
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Fig. 5.4. (A)- Chart of model extent. The shelf break is clearly defined by a sharp increase in 
water depth. Inset – Location of Fig. 5.4B. (B) Zoom on nested mesh. Reduction in mesh size is 
stepped by a factor of 10 to improve model stability. Final resolution of finest mesh has not been 
included to provide clear visualization of the nested design.  
 
A range of inputs were required to improve the accuracy of modelled 
hydrodynamic forces. Several MBES bathymetric datasets were used as input 
for the model. They include data from the Joint Irish Bathymetric Survey (2 m 
resolution), the Irish National Seabed Survey (20 m resolution), the INFOMAR 
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programme (20 m resolution) and cruise CV13030 led by the author (2 m 
resolution). Where high-resolution MBES data is not available, the General 
Bathymetric Chart of the Ocean (1 km resolution, GEBCO) was used to 
complete the interpolation across the mesh (IOC et al., 2003). The effects of 
this lower resolution data on simulation outputs should be negligible given the 
distance (over 10 km) from the study areas. Bathymetric point data was 
interpolated using a nearest neighbour algorithm and then smoothed through 
200 iterations to improve model stability and performance. Vertical resolution 
with an emphasis on the boundary layer was achieved through a combined 6 
sigma layer (c=0.1, =4, =1) and 5 z layer combination (Song and Haidvogel, 
1994). The time-period of the model spans 2004 – 2013, the longest period 
between MBES data sets. Data was binned at 20 min intervals at tidal gauge 
locations. Elsewhere data was exported at 60 min intervals to reduce data 
volume without compromising on resolution required to accurately interpret 
outputs.  
Mean sea level pressure with u and v velocities at a 0.1º x 0.1º resolution 
provide atmospheric forcing (European Centre for Medium-Range Forecasts). 
Tidal elevations containing 12 major tidal constituents were extracted from the 
Global Ocean Tide Model developed by the Technical University of Denmark 
(0.125º x 0.125º resolution, DTU)  
A variable roughness input is included to enable more accurate simulation of 
bed stresses (Davies and Xing, 2002). Grain size outputs derived from the 
backscatter classification for the wider area (Fig. 2.4 and (Evans et al., 2015) 
were used to create a Nikrudase roughness value (2.5 x grain size) capable of 
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further informing the simulation. The higher resolution backscatter 
classifications available for the selected study sites were also included (see 
Figs 3.5B & 3.9B) While there are known issues with using backscatter values 
to derive sediment grain size (McGonigle and Collier, 2014, Lamarche et al., 
2011), the methodology adopted by Evans et. al, (2015) and in Chapter 3 was 
also used here to mitigate these. United Kingdom Seamap data (McBreen et 
al., 2011) was used in the absence of backscatter data to ensure complete 
model coverage.  
From the model surface elevation (for model validation), mean and maximum 
velocities (m/s) in the boundary layer and mean and maximum bed stresses 
(Nm/2) were outputted to allow for analysis of sediment transport processes. 
Due to the large numbers of nodes and high resolution of input data, model 
simulation times were lengthy despite the use of 256 processing cores in the 
Ulster University High Powered Computer (HPC).  
Five coastal tidal gauges were utilised to act as validation points for model data 
(Arranmore, Killybegs, Malin Head, Port Ellen and Portrush). Root mean square 
errors between simulated and measured tidal elevations were calculated and a 
value of agreeance generated until model validation was reached within 5% 
tolerance at all tidal stations. Due to the size of the model and lack of current 
data available on the shelf this method of data was selected as a best means to 
access validity (Gunn and Stock-Williams, 2013). 
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5.4 Results 
5.4.1 Area A modelled hydrodynamic conditions 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.5. Overview of mean current 
speed (m/s) across the wider study 
area provided by the high-resolution 
hydrodynamic model. A band of 
increased energy extends from 
Inishtrahull Sound to the location of 
the Giant Sandwaves. The grey 
shape (ca.7ºW23’W longitude) is 
Inishtrahull Island . 
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In area A, sediment waves 1, 2 and 8 (see Fig. 5.2A for numbering of bedforms) 
experience the highest boundary flow velocities across the bedform, with rates 
exceeding 1.35 m/s (Fig. 5.6A). These flows peak at the highest crest points on 
these waves, with velocities reducing as wave amplitude decreases. As a result, 
lower flow velocities typically occur on the outer boundaries of the bedforms, the 
only notable exception being wave 4, where highest maximum velocities occur 
at the southwest crest end. Sediment waves 3 to 7 experience lower maximum 
flow velocities (1 – 1.15 m/s) with prominent reductions of maximum flow 
velocity in wave troughs (<0.85 m/s). The smaller amplitude waves to the 
southeast are subjected to maximum flow velocities of 0.85-1 m/s. The lowest 
velocities in this area coincide with a decrease in amplitude or absence of 
sediment waves. These trends are repeated for mean flow velocities (Fig. 5.6B) 
with waves 2 and 8 experiencing highest mean flow velocities 0.45 m/s and 0.5 
m/s respectively. Mean flow rates between 0.39 and 0.42 m/s are typical across 
waves 1 to 10, decreasing to <0.34m/s in wave troughs.  
Simulation of maximum bed stresses (N/m2) across Area A (Fig. 5.7) show that 
the sand wave formation is situated in a section of the seafloor experiencing on 
average lower boundary layer forcing than the surrounding shelf. The formation 
is flanked to the northeast by a gravel and cobble bank (Evans et al., 2015) 
about 10 m shallower than the base of the sand waves. The bank experiences 
maximum bed stresses of between 2 N/m2 and 3 N/m2. To the south and west 
of the bedform, another elevated area (approx.   8 m shallower) of gravel 
material, coincides with higher simulated bed stresses than those over the sand 
waves, reaching peaks of over 3.6 N/m2. Within the sand wave formation, wave 
crests 1, 2, 4, 8 and 10 are easily identified by regions of higher bed stress, 
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similar to the points of increased simulated hydrodynamic flow data (comp. Fig. 
5.6B with Fig. 5.7B). Typical maximum bed stresses at crests range from 2 – 
2.8 N/m2. Waves 8 and 10 undergo the highest maximum bed stresses of all 
waves in the formation, with forces between 3 and 3.4 N/m2 on the northeast 
edges of their crests. In the troughs of waves 1 to 10, maximum stresses 
average between 1 and 1.8 N/m2. Further to the south east, the smaller 
amplitude wave field experiences much lower maximum bed stresses ranging 
from 0.8 to 1.2 N/m2. An area of increased stress is apparent to the north east 
of the sand wave field. This correlates with the largest, bifurcating wave in this 
area and a 10 m barchan isolated wave on its northern flank.  
Mean bed stresses (Fig. 5.7B) display similar distribution of energy, suggesting 
the sediment waves are in a less energetic area than the surrounding seafloor. 
Similar to the maximum stress data, elevated bed stresses of 0.36 to 0.48 N/m2 
are calculated for the raised gravel/ cobble patch to the north east, and 0.36 to 
0.52 N/m2 simulated for the coarse material to the south and west. In both 
instances highest mean bed stress values occur at points of bathymetric peaks.  
Within the formation, wave crests 1 to 10 undergoing mean forces of between 
0.24 and 0.36 N/m2. The troughs of these waves and the majority of the smaller 
wave field experience reduced stresses of between 0.12 and 0.2 N/m2. Waves 
8 and 10 display the highest bed stresses for mean conditions, however, the 
elevation of these stresses on these crests is much more pronounced than in 
maximum bed stress data. This suggests that these waves undergo higher 
energy conditions for longer periods of time than any other in the formation. 
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Fig. 5.6. (A) Maximum 
current speed for area A. 
Sediment wave crests are 
easily identified in data as 
areas of higher velocity 
flow. 
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Fig. 5.6 (B) mean current 
speed for area A. Sediment 
wave crests are easily 
identified in data as areas of 
higher velocity flow. 
  
A 
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Fig. 5.7. (A) Maximum bed 
stress for area B. The 
sediment waves are situated 
in an area of reduced bed 
stress between two areas of 
coarser grained sediment.  
 
An integration of high-resolution hydrodynamic modelling with time-lapse 
bedform migration on the north Irish shelf 
 
195 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.7. (B) mean bed 
stress for area B. The 
sediment waves are situated 
in an area of reduced bed 
stress between two areas of 
coarser grained sediment.  
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5.4.2 Correlation of sediment wave migration with hydrodynamic flow, Area A 
 
The model resolution allows for a detailed analysis of the flows and bed 
stresses around each single sediment wave found in Area A and for correlation 
with the calculated migration distances and rates from Chapter 3. 
Between surveys, wave 1 displayed average migration distances of 17 m in a 
north-westerly direction with maximums measured at 42 m (Chapter 3). Peak 
flows of 1.3 m/s occur in the southwest extent of the wave. Mean flows across 
the crest are calculated to be ~0.42 m/s. Maximum stresses range from 2.2 – 
2.4 N/m2, with means averaging 0.3 N/m2. 
Wave 2 displays variation in migration along the crest with highest movement at 
crest ends. The northeast end of the wave migrated to the southeast up to 50 m 
with a similar movement in the southwest end but in a counter, north-westerly 
direction. Despite these large migrations, the central section of the crest is 
characterised by a rounding of crest profile that suggests reduced movement. 
This is thus likely to be the centre point around which the clockwise rotation of 
the wave occurs (i.e. the pivot point). Highest maximum flow rates (>1.36 m/s) 
occur at the crest ends, dropping to 1 m/s at the pivot point. The same 
distribution is apparent in the mean flow plot, with 0.46 m/s velocities at crest 
ends, reducing to 0.41 m/s at the central point. Highest mean stresses also 
occur at crest ends (0.32 N/m2), again displaying a reduction over the central 
pivot point. 
Wave 3, 10 m lower in amplitude than wave 2, displays consistent migration 
distances of ~70 m along the entire crest. Maximum (1.0 m/s) and mean (0.4 
m/s) flow velocities are significantly lower than those over surrounding waves. 
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Maximum (1.1 N/m2) and mean (0.18 N/m2) bed stresses are also the lowest 
for any wave in the group.  
Wave 4 spans the width of the survey area. As with wave 2, a rotary migration 
is measured with distances of 40 m to the southeast and 25 m to the northwest 
(Chapter 3). Migration rates are significantly reduced at the pivot point of this 
rotation. Peak flows occur in the southwest portion of this wave (1.2 m/s) and 
average 0.4 m/s along the crest. Bed stresses of 2.6 N/m2 (max) and 0.32 
N/m2 (mean) follow similar distribution trends to the flow velocities. All model 
derived outputs for wave 4 do not evidence the presence of a pivot point as 
clearly as in wave 2, however morphology and migration rates display 
characteristics similar to pivot points in other sediment waves within this 
formation.  
Waves 4 and 5 are the only sediment waves that come close to intersecting 
(see Fig. 5.2A). As with waves 2 and 4, wave 5 also displays a clockwise 
rotation, albeit with only a short section migrating to the northwest by ~40 m. 
Similar migration distances are recorded for the remainder of the wave towards 
the southeast. Interestingly, the pivot point occurs in proximity to the centre of 
rotation in wave 4. Flow rates reach a maximum in the southwest of the crest at 
1.2 m/s where the highest mean flows also occur (0.4 m/s). Bed stresses follow 
a similar pattern with peaks in energy concentrated to the southeast (2.4 N/m2 
max, 0.23 N/m2 mean; Fig. 5.7). Typical mean stresses of 0.8 N/m2 occur 
along the remainder of the crest. The pivot point in wave 5 is not accurately 
defined by hydrodynamic data.  
Wave 6 displays lower migration rates when compared to previous waves. 
Relatively uniform migration occurs in the southeast crest section with an 
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average displacement of 15 m, with maximums of 40 m. With typical maximum 
flows of 1.8 m/s (mean 0.36 m/s) and max stresses of 1.7 N/m2 (mean 0.2 
N/m2), wave 6 experiences reduced hydrodynamic energies. An area of 
significantly reduced hydrodynamic energies clearly defines the 500 m wide 
trough between waves 6 and 7.  
Wave 7 presents higher migration rates (avg. 30 m) than those of wave 6 (avg. 
15 m), with a deviation in the trend of decreasing transport rates from the north 
west to south east across the bedform. Migration of 30 m in a south-easterly 
direction is typical, with maximum measured movement up to 75 m. Flow rates 
are higher than those experienced by wave 6, with means of 0.42m/s and peak 
velocities reaching 1.8 m/s. Similarly, bed stresses are also increased, with a 
maximum of 1.2 N/m2 and a mean of 0.3 N/m2. In contrast to the other waves, 
maximum displacement coincides with an area of reduced hydrodynamic 
forcing. This wave section is characterised by a break in crest continuity.  
Wave 8 displays a distinct change in orientation, becoming more north – south 
aligned when compared to previous waves (Fig. 5.2A). Despite experiencing 
some of the highest flow velocities (1.3 m/s max, 0.45 m/s mean) and stresses 
(2.7 N/m2 max, 0.36 N/m2), wave 8 shows relatively low crest displacement 
averaging 15 m in a south-southeast direction.  
Wave 9, positioned between the south east extents of waves 8 and 10, is 
comparatively short in length at 1.1 km. Like other waves at this site, this wave 
crest shows migration in two opposing directions, towards the northwest on the 
southern edge and in a south-easterly direction at the north section of the crest. 
Migration is highest (65 m) at the southern extent of the crest, with a central 
pivot point showing minimal migration. There are no discernible change in flow 
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velocities over the entirety of the crest (1.12 m/s max, 0.4m/s), however peaks 
in the maximum bed stress to 1.8 N/m2 correlate with the highest migration 
rates along wave.  
Wave 10 represents the longest continuous crest (3.75 km) at this site. Average 
migration is lowest at the centre of the crest (10 m over 9 years) increasing at 
crest edges to 40 m in the northeast and 60 m in the southwest. Plots of current 
direction over this wave reveal flows in opposite directions with a stronger 
southeast component (Fig. 3.7). Stresses along the crest average 0.4 N/m2 with 
peaks of 2.4 N/m2. Increased migration to the northeast of the wave correlate 
with an increase in bed stress. However, this is not the case for the southwest 
with a migration of 60 m but with reduced hydrodynamic energies.   
The wave field to the southeast comprises generally smaller amplitude waves 
(Fig. 5.2A). Migration distances are typically smaller (~10 m on average, with 
maximums of 50 m, Fig. 5.2B) than those of waves 1 to 10. Greatest crest 
displacement typically occurs at crest edges with decreased movement in the 
centre of the waves, and the field in general. Hydrodynamic energy is 
significantly reduced across the lower amplitude waves when compared to the 
larger amplitude waves to the northwest. Lowest mean flows, 0.34 m/s and 
stresses, 0.18 N/m2 occur through the centre of the wave field, coinciding with 
lowest migration rates. The outer edges of the wave field display a slight 
increase in both flow velocity and bed stress, which correlates with increased 
migration at these locations.   
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5.4.3 Area B modelled hydrodynamic conditions and bedform migration  
Area B is located in a section of shelf which experiences much lower 
hydrodynamic forcing than Area A. Flow velocities across the area reach only a 
maximum of 0.5 m/s (Fig. 5.8A). These occur around the Causeway Bank, ‘The 
Ridges’ outcrop and an isolated sediment wave to the northeast of this feature. 
Mean velocities of 0.13 m/s are most prevalent across the area increasing to 
0.2 m/s at isolated points (Fig. 5.8B). Bed stresses across the site peak at 1.2 
N/m2 (Fig. 5.9A). Like maximum flow velocities, the largest bed stresses occur 
around ‘The Ridges’ outcrop and the Causeway Bank. The majority of Area B 
experiences mean bed stresses between 0.06 N/m2 and 0.17 N/m2 (Fig.5.9B).  
The following sections describe the results of the hydrodynamic model in 
relation to the specific bedforms mapped at this site.  
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Fig. 5.8. (A) Maximum current speed for area B. ‘The Ridges’ can be identified within data sets 
offshore by isolated increase in flow velocity. Highest peak velocities occur in the inshore. 
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Fig. 5.8. (B) mean current speed for area B. ‘The Ridges’ can be identified within data sets 
offshore by isolated increase in flow velocity. Highest peak velocities occur in the inshore.  
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Fig. 5.9. (A) Maximum bed 
stress for area B. As with 
flow velocities, ‘The Ridges 
can be identified offshore by 
isolated peak stresses.  
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Fig. 5.9. (B) mean bed stress 
for area B. As with flow 
velocities, ‘The Ridges can be 
identified offshore by isolated 
peak stresses.  
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Barchan Field 
A field of barchan dunes is situated to the northwest of Area B (Fig. 5.3A). 
Typical migration rates for these bedforms were between 5 m and 15 m in an 
easterly direction during the 6-year time lapse. Maximum flow velocities across 
this zone peak at 0.43 m/s on the dune crests, with the surrounding seafloor 
experiencing reduced flows of 0.34 m/s. Similarly mean flows in this area peak 
at 0.13 m/s over the barchans dunes furthest offshore. Mean velocities of 
0.1m/s are simulated on the open shelf between waves. Analysis of current 
direction for this zone illustrates a bi-directional flow regime with a dominant 
trend to the east peaking at 0.4 m/s (Fig. 5.8). Bed stresses are more evenly 
distributed across the zone with individual waves not clearly defined (Fig. 5.9). 
Maximum bed stress values of up to 0.56 N/m2 are typical throughout the field, 
with mean bed stress ranging from 0.06 N/m2 to 0.13 N/m2.  
 
West Ridges 
The area named ‘West Ridges’ (Fig. 5.3A) is defined by two sediment wave 
trains separated by a smooth sediment ridge which terminates in the east where 
both wave trains join close to ‘The Ridges’ outcrop. Average migration for the 
northern of these sediment waves is 15 m with maximums of 40 m for some 
isolated crests. The southern sediment waves display lower displacement 
distances of 5 – 10 m on average, with isolated maximums of 30 m (Chapter 3 
& Fig. 5.3). A maximum flow rate of 0.39 m/s occurs over the northern sediment 
waves with the southern waves experiencing a smaller maximum flow rate at 
0.30 m/s (Fig. 5.8A). Mean flow rates are more evenly distributed across the 
entire zone with both northern and southern wave trains exposed to 0.12 m/s 
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velocities (Fig. 5.8B). In both maximum and mean velocities there is an increase 
in flow rate moving eastwards, peaking at the point where wave crests 
terminate west of ‘The Ridges’ outcrop. These velocities display a bi-directional 
element with a dominant easterly component  
As with flow velocities, maximum bed stresses of 0.6 N/m2 suggest increased 
hydrodynamic forcing over the northern wave train, compared to 0.5 N/m2 over 
the southern waves. Mean bed stresses make no distinction between the two 
sets of waves, with a uniform bed stress energy calculated at 0.08 N/m2, but 
with a slight increase (as for flow velocity) to the east of this zone with 
maximums exceeding 1 N/m2 (Fig. 5.9).  
 
Southwest 
The southwest zone is characterized by 5 m amplitude waves with measured 
displacements averaging 10 m, increasing in the southernmost portion of this 
area to 20 m. Migration is to the northwest is in agreement with bedform 
asymmetry (Fig. 5.3B). Flow velocities are consistent across the area with a 
maximum of 0.35 m/s and uniform mean of 0.12 m/s. The currents are however 
bidirectional, with peak velocities flowing to the southeast, but dominant flow 
occurring towards the northwest. 
Unlike flow regime, there is variation in the distribution of bed stresses (Fig. 
5.9). Maximum bed stresses of 0.6 N/m2 occur throughout the area which 
increases to the east and south up to 0.7 N/m2. The same pattern is followed 
by the mean bed stresses with the highest values of 0.14 N/m2 occurring in the 
east and south. These increases coincide with the highest migration rates in this 
specific area.  
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Offshore  
Migration rates in the offshore zone are highest in the eastern portion of this 
area, averaging 35 m over 6 years. Migration distances decrease westwards to 
an average of 12 m north of ‘The Ridges’ outcrop. Peaks in maximum (0.41 
m/s) and mean (0.16 m/s) flow rates occur in the eastern section of this area 
and coincide with the largest migration rates (Fig. 5.8). Moving westwards, they 
decrease to a maximum value of 0.38 m/s and mean values of approx. 0.15 
m/s. A single sediment crest connecting the offshore zone to ’East Ridges’ area 
is identifiable by a linear band of increased flow velocities peaking at 0.43 m/s. 
This crest is also easily identified in bedstress data with peak bedstress of 0.7 
N/m2 and mean of 0.17 N/m2. Maximum bed stresses show increased energies 
(up to 0.6 N/m2) in the eastern portion of this area, decreasing westwards to 
0.42 N/m2 (Fig. 5.9A). Mean bed stresses however are more uniform, with 
values of 0.10 N/m2 across the area (Fig. 5.9B).  
 
East Ridges 
The ‘East Ridges’ zone displays a wide range of sediment wave types across a 
range of depths down to 120 m water depth (Fig. 5.3A). Some of the highest 
migration rates of Area B occur on the slopes to the east of this zone. Sediment 
waves in 120 m water depth migrated upslope for a distance of 50 m during the 
6-year time lapse between surveys. This westerly migration pattern continues to 
the bathymetric high east of ‘The Ridges’ outcrop, where measured 
displacement of wave crests reduces significantly to 5 – 10 m. Three single 
trochoidal waves in the south of this zone and adjacent to the Causeway Bank, 
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display negligible crest displacement. In the southwest section of this area, 
sediment waves migrated an average of 10 m between surveys.  
Maximum and mean flow velocities in the ‘East Ridges’ zone display similar 
distributions. Increased maximum (0.38 m/s) and mean (0.13 m/s) occur in the 
channel containing the upslope migrating sediment waves, continuing to the 
bathymetric rise east of ‘The Ridges’ outcrop (Fig. 5.9A). These higher flow 
velocities coincide with the highest measured migration distances in the zone. 
The trochoidal waves and other sediment waves to the southwest experience 
lower mean velocities of 0.1 m/s. Flow direction analysis defines a bidirectional 
flow, exceeding 0.4 m/s in both directions, but with a dominance in flow 
westwards towards ’The Ridges’ outcrop.  
Bed stresses for this zone do not follow the same pattern as the flow regime. 
Maximum (0.65 N/m2) and mean (0.12 N/m2) energies occur north of the 
trochoidal waves, but do not extend into the deeper waters to the east. Isolated 
patches of these elevated stresses do occur however at the crest centres of the 
trochoidal waves. Maximum bed stress modelled data also indicate elevated 
energy continuing to the southwest wave field. This is not replicated in mean 
stress data with a 0.068 N/m2 energy value present across the south of the 
east ridges zone (Fig. 5.9B).  
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Causeway Bank 
The Causeway Bank is a flat inshore shoal topped by sediment waves. 
Measured migration of these waves is consistently high for Area B, averaging 
22 m with peak migrations reaching 70 m over the 6 years between MBES 
surveys..  
Flow rates are highest in the east of this zone with maximum velocity of 0.42 
m/s and mean of 0.14m/s (Fig. 5.8). These values decrease moving westwards 
to a maximum velocity of 0.30 m/s and a mean of 0.11 m/s. While individual 
waves cannot be identified in flow-modelled data, points of highest migration 
>50 m correlate with the areas of peak velocity. Flows on the Causeway bank 
are heavily dominated by a south-westerly flowing current which exceeds 
0.4m/s.  
Bed stresses follow similar patterns to flow velocities. Sediment waves to the 
east of this zone can be identified by areas of maximum bed stress reaching 1 
N/m2 followed by reduced levels of 0.48 N/m2 in the wave troughs. These 
maximum bed stresses gradually reduce westwards to 0.46 N/m2. Mean 
stresses follow the same trend, reducing from 0.1 N/m2 in the east to 0.07 N/m2 
on the west of the bank (Fig. 5.9).  
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5.5 Discussion 
 
Area A 
 
Overall, it appears that the hydrodynamic conditions influencing the large sand 
waves in the centre of Area A are connected to the movement of water through 
Inishtrahull sound (Fig. 5.5). Mean flows between the sound and sediment 
waves are higher than those to the north and east of these bedforms, averaging 
0.36m/s. Flows of this velocity are capable of mobilising sediments up to very 
coarse sand which would account for the prevalence of bedrock and gravel-
sized sediments across this section of shelf and (Fig. 3.5B)(Hjulstrom, 1935, 
Miller et al., 1977). The ability of modelled flow to mobilise the sediments and 
maintain the formation over a period of time supports the hypothesis that 
hydrodynamics are the mechanism for formation and retention of these large-
scale sediment waves. 
This is effect and the seafloor morphology are consistent with the classification 
of the feature upon which these waves have formed as an offshore tidal 
sandbank (Caston, 1972, Nielsen, 1979, Swift et al., 1978).  
The large sand waves numbered 1-10 (Fig. 5.3A) are composed largely of 
coarse sand and shells, coarsening to gravelly sand in the wave troughs and at 
the outer portion of this area. The wave field in the southeast portion of Area A 
has consistently coarser sediments, ranging from sandy gravels to pebbles. As 
a result, there are fewer sedimentary components to consider across Area A 
compared to Area B when examining relationships between grain size, measure 
mobility and simulated hydrodynamics.  
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The correlation between modelled flow data and migration reveal possible 
indicators of the mechanisms facilitating the formation of these large waves and 
retention of soft sediments on an otherwise gravel and bedrock dominated 
section of shelf. These indicators include the rotational migration of sediment 
waves, the identification of rotation pivot points and potential breakdown in crest 
profiles outlined previously. 
The majority of the large sediment waves (2,4,5,6,7,9 in Fig. 5.2) display a 
clockwise, rotational element to their migration. Rotary migration around 
offshore tidal sandbanks has been described on other tidally dominated shelves 
around the globe, both in field measurements and in hydrodynamic models 
(Huthnance, 1973, Sanay et al., 2007, Williams et al., 2000). This rotation is 
characterised by increased movement (and in most cases hydrodynamic 
energy), close to the crest ends. It is also typical for the southwest portion of the 
crests (migrating to the northwest) to display larger movement (by >15 m on 
average) than the northeast crest end. However, it is not always the case that 
the southwest crest ends experience elevated hydrodynamic energy. More fine 
sediments are concentrated to the southwest of the large sediment waves (Fig. 
3.5B). The northeast crest end of the sediment waves consists of narrow crests 
of sand surrounded by gravel. It is therefore likely that the increased migration 
in the southwest is due to the abundance of finer, more easily transported 
sediments in that location compared to the northwest crest ends of the sediment 
waves (Hjulstrom, 1935, Miller et al., 1977). 
Further to this rotary migration, sediment waves 2, 4, 5 and 7 also display 
changes in crest profile. In the case of waves 2, 4 and 5, this change manifests 
as a rounding of the crest profile, which is typically sharp elsewhere in the 
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sediment waves in this bedform. Sediment wave 7 displays a distinct break in 
crest continuity. These changes in crest profile have been identified as locations 
of reduced or negligible migration, which in some instances correlate with an 
associated reduction in hydrodynamic forces (Lefebvre et al., 2014). Therefore, 
these low migration, rounded crest points have been identified as the pivot 
points around which sediment wave migration occurs. Each pivot point is found 
in proximity of the pivot point of the surrounding sediment waves, adding weight 
to the argument that they define a central axis of rotation across the study area 
(Williams et al., 2000).  
Sediment wave 7 displays similar clockwise rotation to other crests within the 
area. This sediment wave is, however, the only to exhibit a break in crest profile 
close to the crest centre (rather than the formation of bifurcations at crest ends). 
The rotational migration of this sediment wave may be a contributing factor to 
this crest break and may be an indicator of a larger split in the sediment 
waveform (Lefebvre et al., 2014). Sediment wave 7 is the last of a set of waves 
1 to 7, which are aligned southwest to northeast, before a marked change to the 
west – east orientation of wave 8. It is therefore possible that sediment wave 7 
has reached a location where different shelf hydrodynamic conditions and 
changes in sediment composition cause a change in orientation, a hypothesis 
supported by the lack of other sediment waves in the ~1.5 km gap between 
waves 7 and 8.  
Modelled hydrodynamic flow there suggests a link between Inishtrahull Sound 
and the offshore tidal sandbank upon which giant sandwaves have formed. The 
rotary currents identified here, and in other literature, rely on this tidally 
dominated flows to control their velocity and directional (Caston, 1972, Sanay et 
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al., 2007). It is therefore probable that any influence on this tidal flow may have 
impacts on this rotary current, and in turn, the sandwaves at Area A. With 
Inishtrahull Sound identified as a potential location for tidal turbines (Rourke et 
al., 2010), the far-field impacts of these marine installations should be carefully 
considered with respect to the unique sandwave features at Area A and the 
habitat they create (Ahmadian et al., 2012, Neill et al., 2009, Thiébot et al., 
2015). 
 
Area B 
Area B includes a range of bedforms of differing morphologies, amplitudes and 
sediment grain sizes. The modelled hydrodynamic flows and bed stresses can 
in most cases explain the migration rates of these bedforms. 
In some sections of seafloor, the bedforms are composed of a mix of sediment 
types, for example the sediment waves in the ‘West Ridges’ zone, which are 
composed of coarse, medium and fine sand over a gravel seafloor. The majority 
of these waves consist of coarse sand, gradually fining eastwards. With 
relatively low migration distances, averaging 15 m, coarse sand waves 
prevalent in the west of the zone are only mobilised during peaks in 
hydrodynamic forcing, with average conditions not capable of initiating 
transport. For medium sand waves further east, hydrodynamic means are close 
to achieving threshold velocity and critical shear stress suggesting that these 
sediment waves are mobile during period of elevated energy (Buscombe and 
Conley, 2012, Miller et al., 1977). Two localised points of much higher energy 
correlate with two pockets of fine sands combining to create much higher crest 
displacement than in surrounding areas. The differences in migration rates 
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between the north and south wave trains in west ridges can be explained by 
similar hydrodynamics in both areas but a higher fine sand fraction in the north 
sediment waves. 
Elsewhere the mean flow velocities and mean bed stresses may not be large 
enough to mobilise the coarser fraction within the sediment, but may be able to 
drive the migration of the finer material (Berelson, 2001, Hjulstrom, 1935).  
The ‘Southwest’ zone is dominated by fine sediments and fringed by slightly 
coarser, medium sands. Hydrodynamic forces are calculated as capable of 
initiating sediment transport during elevated states but not during mean 
conditions (Hjulstrom, 1935). Current distribution for the area suggests that 30% 
of flow conditions during the simulated period can cause transport, however it is 
likely that bidirectional flow reduces net transport. As a result, while sediment 
may be mobilised frequently during the tidal cycle, migration distances 
measured are relatively low. To accurately constrain the effects of this 
bidirectional flow on transport, higher temporal resolution of both MBES and 
modelled data is required (Smith et al., 2007, Xu et al., 2008). In this way the 
figure of 30% can be further explored, defining periods of movements during 
certain months, seasons or even individual tidal phases. 
Sediment waves in the ‘Offshore’ zone are composed of fine and medium sand, 
coarsening to sandy gravels westwards. With decreasing hydrodynamic 
energies and increasing grain size, it is unsurprising the sediment transport is 
reduced in this area (Hjulstrom, 1935, Miller et al., 1977). As with other sections 
of seafloor in Area B, the main sediment fractions are not mobilised during 
mean hydrodynamic velocity flows.  
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The ‘East Ridges’ contain widely varying sediment distribution and migration 
distances. Highest migration occurs in finer grain sand waves in 120 m deep 
water. A channel constrains these fine sediments, with upslope migration to the 
crest of the slope driven by a dominant flow from the east. This is consistent 
with the findings of (Ediger et al., 2002) in the Sicilian Basin who noted upslope 
migration of sediment waves composed of similar sediments, driven by a 
bathymetrically constrained current. A reduction in this upslope movement in 
Area B is marked by a sharp increase in grain size from sands to gravel. These 
gravels surround the sand to the west and south and it is likely that they act as 
a barrier to the further migration of sandy sediments. Mean hydrodynamic flows 
are not sufficient to mobilise even the fine sediments in this area, however, 
periods of increased flow (~30 % of flow period) did have sufficient energy to 
cause transport in the finer fractions. As a result, gravels show little migration, 
increasing the validity of the hypothesis that they act as a control on migration 
of finer sediments through entrainment or shadowing (Van Landeghem et al., 
2012, Weaver et al., 2000). Measured movement of the trochoidal wave crests 
are minimal, with only peak flows capable of mobilising their sediments. The 
crest displacement measured between surveys is most likely the result of crest 
flexing in a bi-directional currents (Knaapen et al., 2005, Smith et al., 2007). 
The ‘Causeway Bank’ is covered by gravels and medium sands with sediment 
wave grain size coarsening offshore. Modelled hydrodynamics are capable of 
initiating transport of all the sand components on the bank, but not the gravels. 
This accounts for the increased migration on the inshore side of the bank driven 
by a heavily dominating flow to the southwest. This also suggests that acoustic 
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unit 2 (AU2) identified in Fig. 3.13 is likely to be composed of gravelly sediments 
over which finer materials are migrating.   
On occasions the model does not agree well with the measured migration rates. 
The barchan dunes composed of sandy gravel have moved short distances 
overall with maximum localised migrations of <15 m. The flow velocity and bed 
stress modelled here do not reach the values of 1 m/s and >2.7 N/m2 that are 
required to mobilize sediments of this type (Hjulstrom, 1935, Miller et al., 1977). 
Given the high accuracy of the repeat surveys and automated measurement of 
crest displacement, it is unlikely this discrepancy between measured 
displacement and modelled flow can be attributed errors in the bathymetric 
data. There are isolated patches of finer sediments throughout the barchan’s 
location and modelled hydrodynamic conditions are capable of initiating 
transport of these the sand fraction within the dunes themselves. This transport 
could account for the small migrations that are measured. Modelled flows 
however cannot explain the initial formation of these features and a number of 
reasons should be considered. This site was used as a dredge dumpsite for 
shipping lanes in nearby Lough Foyle. As a result, material not from this area 
was introduced using non-natural processes, ie. jettisoned from a vessel (Bates, 
1996). It is possible that this process has created these barchan dunes through 
reworking of dredge piles. It is also possible that the bedforms were formed 
under different hydrodynamic conditions, perhaps related to larger paleotidal 
ranges or reduced sea levels (Terwindt and Brouwer, 1986, Westley et al., 
2011)(Uehara et al., 2006). Lastly, it is possible that the model is not accurately 
representing actual conditions across the area and requires further refinement. 
It should be noted however that throughout the rest of this area, modelled result 
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correlate well with migration direction and distance across a range of sediment 
types.  
This developed understanding of sediment migration (and its drivers) across 
Area B has a number of practical applications. Sandy beaches broken by basalt 
and chalk outcrops are prevalent on this section of coastline (Plets et al., 2011). 
Understanding of the movements of soft sediments offshore may aid 
management of these beaches as anthropogenic interactions increase and 
period stripping occurs during seasonal events (Denny et al., 2013, Nordstrom, 
2005, Rodríguez and Dean, 2009, Rosati, 2005). There are several harbours 
and ports on the north Irish coast, should a requirement develop for future 
dredge disposal sites, modelled information may assist site selection(Casado-
Martínez et al., 2006, Sherwood, 1989). 
 
5.6 Conclusions 
 
The combination of high resolution bathymetric, roughness and computational 
model flexible mesh have increased the ability to analyse specific sections of 
seafloor, bedforms and individual sediment waves in a manner that would not 
have been possible using lower resolution data. By increasing the resolution of 
this model, which is already designed specifically for sediment transport 
analysis, understanding of the hydrodynamic forces driving the rotational 
migration of giant sandwaves has been developed to a level not possible using 
data from Chapters 3 and 4. This work has also contributed to the 
understanding of how subtle differences in hydrodynamic conditions may 
contribute to changes in crest profile and overall shape of sediment waves.  
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The model outputs have also highlighted the interplay between hydrodynamic 
forces, sediment distribution and migration of sediment waves to a scale where 
localised obstacles to sediment transport, such as gravel ridges, can be 
identified and used to explain the isolation of some of the observed bedforms. 
The pattern of sediment transport across the widely varying grain sizes in the 
area is now better constrained and it is clear that most of these sediments can 
be mobilised during times of peak flow and bed stress but not during mean 
conditions. This is important when considering any possible human interactions 
with the seafloor and exploitation of marine resources (offshore engineering, 
maritime archaeology) in this area.
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Chapter 6 – Discussion 
This work utilised a multidisciplinary approach to further understanding of the 
formation of bedforms on the northwest Irish shelf, the distribution of sediments 
across the area and their potential mobility. This approach has adopted a 
number of techniques, including the classification of these bedforms and 
sediments in line with standard nomenclature (Allen, 1980, Belderson et al., 
1982, Field et al., 1981), measuring rates of change in the seafloor using widely 
adopted MBES time lapse surveys (Knaapen et al., 2005, Schimel et al., 2015, 
Schmitt et al., 2008), and the development of a sediment transport specific 
hydrodynamic model (Davies and Xing, 2002, Németh et al., 2007). In Chapter 
2, a range of non-glacial sedimentary bedforms were mapped and classified 
(Belderson et al., 1982, Van Landeghem et al., 2009b) using MBES data 
supported by a ground truthed backscatter classification chart (Goff et al., 2000, 
Lamarche et al., 2011, McGonigle and Collier, 2014). Chapter 3 used repeat 
MBES survey to measure change in seafloor over time at two selected locations 
to examine relationships between sediment wave migration and ROMS model 
data (2 km resolution) (Bøe et al., 2009). Chapter 4 combined the bedform and 
sediment overview described in Chapter 2 with a Mike by DHI model, developed 
specifically to examine sediment transport on the northwest Irish shelf. This 
enabled the potential mobility of bedforms to be investigated by assessing 
assumptions made on asymmetry and allowing them to be classified as relict or 
mobile based on the ability of flow energy to transport the sediments of which 
they are comprised (Terwindt and Brouwer, 1986). Research Chapter 5 focused 
back to the two areas selected for repeat survey in Chapter 3, utilising a high 
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resolution (2 m) version of the model used in Chapter 4 which was refined to 
interrogate hydrodynamics at the near seafloor across the two sites (Legrand et 
al., 2006, Sheng and Yang, 2010). The result is an ability to analyse individual 
sediment waves to better describe variation in along crest profile and mobility, 
the formation of bifurcations and shadowing of lower amplitude sediment waves 
by larger formations (Lefebvre et al., 2014, Nielsen and Guard, 2011). Each of 
these chapters generates discussion and draws conclusions as to sedimentary 
transport processes from a shelf to bedform scale, in some cases challenging or 
confirming existing assumptions.  
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6.1 Shelf scale mapping: a new understanding of the seafloor 
morphology on the north Irish shelf 
 
Fig. 6.1 Overview of the features discussed in Chapter 6. Red arrow denotes ingress of ESC 
onto the shelf. Broken red line indicates location of bedload parting zone suggested by 
Belderson et. al., 1982, the new location of this feature proposed in this chapter is indicated by 
the solid red line. Deep water trochoidal waves classified as relict in this chapter are enclosed 
with a red box. 
 
MBES, backscatter and sediment sample data from the Irish seabed mapping 
programmes (INSS, INFOMAR and JIBS), were used to investigate the north 
Irish continental shelf using techniques including hydrodynamic modelling, 
backscatter classification for the derivation of sediment distribution charts, 
repeat seafloor survey to measure change, and geomorphological analysis of 
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bedforms to enable classification and make inferences as to their potential 
mobility. This multidisciplinary approach, incorporating new techniques for the 
measurement of sediment wave migration (Chapter 3), provides the most 
comprehensive study into modern shelf sediments on the northwest Irish shelf 
to date. 
General water depths in Irish water have been understood since early Victorian 
led soundings (Mayer, 2006, Quinn and Boland, 2010). However widely spaced 
single soundings only give a general overview of what is the very complex and 
ever changing marine environment. As a result the spatial resolution required to 
fully understand shelf features and processes such as bedform classification or 
indicators of sediment transport such as bedform asymmetry are best achieved 
with the use of MBES (Barnard et al., 2013, McGonigle et al., 2009, Plets et al., 
2011, Shaw et al., 2014).  
The overall distribution of water depth across the shelf gives insight into shelf 
sedimentary processes in a number of ways. Bathymetric depressions such as 
those identified in Chapter 2 (section 2.4) are proposed as possible sediment 
traps with greater water depths resulting in reduced flow rates more conducive 
to the deposition of finer sediments (Berelson, 2001). Bathymetric data also 
highlights constrictions such as that south of Inishtrahull Island (Fig. 3.1) which 
increase water velocity and bed stresses and can affect shelf hydrodynamics for 
a considerable distance (Rourke et al., 2010). Due to the high accuracy of these 
depth measurements (when used with a precise DGPS positioning system) it is 
also possible to measure changes between respective surveys with a high 
degree of confidence in both the vertical and the horizontal (Knaapen and 
Hulscher, 2002, Ma et al., 2014, Németh et al., 2002). High-resolution 
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bathymetry also reveals the geometry of sedimentary bedforms, which can 
allow for specific attributes to be examined in detail such as the ability to 
measure difference between lee and stoss slopes or asymmetry, an indicator of 
sediment wave mobility (Van Landeghem et al., 2009b). MBES data clearly 
defines the shape of sediment waves allowing them to be classified against 
standard matrixes such as that of (Stow et al., 2009).  
The use of slope mapping algorithms and interrogation of bathymetric position 
indices further serves to identify these features in a quantitative way. 
Bathymetric Position Indices (BPI) in particular is an effective way to identify 
more subtle formations such as the sand ribbons with gentle slopes and low 
vertical profile (Micallef et al., 2012, Verfaillie et al., 2007). By identifying 
elevation relative to a broader selection of the data set rather than just that 
adjacent (as is typical when visually interrogating bathymetric charts) these 
features are clearly defined as a set of positive values (elevations) alongside 
zero (flat) or negative (depression) values (Micallef et al., 2012). Setup for BPI 
has been adjusted to identify features at differing scales, clearly identifying 
ridges, crests and shipwrecks as well as larger features such as moraines on 
the northwest Irish shelf (Chapter 2, Fig. 2.2).  
The analysis of bedform classification, orientation and distribution identified in 
bathymetric data can indicate shelf sedimentary processes even before 
supporting sedimentary and hydrodynamic data is introduced (Lo Iacono et al., 
2010, Besio et al., 2008b). The occurrence of a bedform in a particular part of 
the shelf can provide initial information about the sedimentary and 
hydrodynamic environment. In the first instance, it informs that there is (or was 
previously) sufficient sediment to facilitate the formation of the bedform. 
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Secondly, the presence of a bedform suggests a range of near seabed current 
velocities occurring on the shelf at that location(Allen, 1980, Belderson et al., 
1982, Besio, 2004, Stow et al., 2009). Lastly the orientation and asymmetry of 
these bedforms reveal not only the direction of last known mobility, but also 
suggest the origin of the primary formative forces (Barnard et al., 2013, Besio, 
2004, Van Landeghem et al., 2009b).  
Sediment lineations, mapped in Chapter 2, Fig. 2.9, are known to develop 
under long standing currents (Stow et al., 2009, Hanquiez et al., 2007a). 
Occurring in parallel across the shelf, these lineations closely follow depth 
contours. Their location and orientation appear to be in agreement with the 
sediment pathways suggested by (Kenyon and Stride, 1970) based on side-
scan sonar data. In many instances these features are composed of gravelly 
sand and terminate with a depositional bedform consisting of finer sediments, 
such as sand patches or sand ribbons. It can thus be inferred that current 
velocities winnow out finer sediments from these lineations, carrying them 
downstream to a point where transport of sand sized sediments no longer 
occurs due to a drop in flow velocity (Berelson, 2001, Lefebvre et al., 2014). It is 
in these locations that the depositional bedforms such as sand patches form.  
While sediment lineations fully agree with the pathways suggested by (Kenyon 
and Stride, 1970) other bedforms such as the giant sand waves (Fig. 2.5) 
display crest orientations and geometries which do not. It is clear from giant 
sandwave asymmetry that more localised processes are in effect with some 
striking results. The rotational migration presented by this bedform (Figs. 3.6A 
and 3.7C) is a good example of this. The analysis of MBES data has failed to 
corroborate the location of the bed parting point as suggested by (Kenyon and 
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Stride, 1970)(Fig.1.8). A break in some sediment lineations is identified in the 
area previously suggested, however with no significant change in seafloor 
morphology or bedform distribution or asymmetry, such an interpretation would 
not be well founded.  
Elsewhere, the morphology of deep-water waves presents challenges to other 
published literature. (Dunlop et al., 2011) describes sandwaves south of the 
Malin Deep as part of a train of active mobile sediments on the shelf. Analysis 
of Deep Water Trochoidal Wave geometry suggests low mobility, if any 
(Chapter 3). Rounded and symmetrical, these low profile crests suggest a 
breakdown in waveform due to inactivity (Bartholdy et al., 2010c, Belderson et 
al., 1982, Kenyon and Stride, 1970, Terwindt and Brouwer, 1986).  
.  
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6.2 Backscatter Classification 
 
Fig. 6.2 Backscatter classification on the northwest Irish shelf. Evidence of processing issues 
can be observed through ‘striping’ artefacts and data gaps. While there are limitations on this 
data, such as the broad sediment groups, this chart represents the most extensive classification 
of sediments on this section of Irish shelf.  
6.2.1 Potential issues / limitations in the use of backscatter data 
 
The classification of backscatter data has become increasingly used as a key 
element to seafloor mapping studies (Goff et al., 2000). It has particular 
relevance to marine sediment studies including marine engineering applications 
and those interested in defining biological habitats, of which sediment type 
forms a major component (Brown and Blondel, 2009, Fonseca et al., 2009, 
McGonigle et al., 2010b). The quality of backscatter signal effects the reliability 
of classification of this data with poor quality leading to a poor correlation with 
Discussion 
 
227 
actual grain size, striping and other artefacts (Brown et al., 2011, McGonigle et 
al., 2010a, Rzhanov et al., 2012). Backscatter charts on the northwest Irish 
shelf utilise data from over 12 differing research cruises. Due to the large range 
of MBES systems used over these cruises, differences in setup parameters and 
changes in weather conditions, it is possible for the same section of seafloor to 
present variations in acoustic backscatter return(McGonigle et al., 2010a, 
Rzhanov et al., 2012). Further to this, issues caused by the angle of 
insonification mean that striping artefacts shown in Chapter 3 must be treated 
with caution and any classification of this signal is unlikely to represent real 
world sediments. Methods of classifying this data have come under increasing 
scrutiny as image-based habitat classification becomes the preferred option 
over field measurements. Issues commonly lie with how the numbers of 
classifications, or clusters are derived. In this research this has been mitigated 
by adopting proven methods, an unsupervised classification with a ‘signature’ 
element to provide some level of supervision to account for the clustering issue 
(Calvert et al., 2015, Ierodiaconou et al., 2011, Stephens and Diesing, 2014) 
It is also worth noting that backscatter signal is a response to surficial 
sediments only. As a result, a thin soft sediment drape over bedrock will mask 
the signal of the underlying geology (Bellec et al., 2008). This can give an 
untrue picture of the distribution of sediments and increases the requirement to 
incorporate ground truth samples into any classification (Goff et al., 2000, 
Lamarche et al., 2011). The restriction of backscatter response to surface 
sediments alone means it is possible for underlying formations or geology to be 
masked by even a thin sediment drape of differing grain size composition. It is 
for this reason that even large formations such as the moraines on the 
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northwest Irish shelf, which are composed of very different materials to the 
surrounding bedforms, are clearly evident in MBES data but cannot be 
identified in backscatter data.  
6.2.2 Sediment distribution from backscatter data: the interplay between 
bedforms and substratum 
 
By utilising a combination of geo-acoustic, image analysis and support ground 
truth samples it is possible to classify backscatter signature into sediment 
classifications. This study has provided the most comprehensive depiction of 
shelf sediments in this area to date with backscatter coverage and samples 
catalogued from multiple research cruises on the northwest Irish shelf. Thanks 
to standard geological methods for processing of marine sediment samples, 
many of the catalogued data from the study area could be collated with some 
standardisation of nomenclature required (Folk, 1954). The Malin Deep 
presents the largest area of soft sediments within the section of shelf under 
investigation (Chapter 2, Fig 2.9) (Evans et al., 2015, Szpak et al., 2012). 
Acoustic response suggests fine-grained sediments which are easily winnowed 
away by currents (Weaver et al., 2000). It can therefore be assumed that the 
Malin Deep is an area of low flow velocities and bed stress (Berelson, 2001). 
Likewise, bedforms which present a ‘hard’ backscatter response (those not 
identified as bedrock), such as gravel streaks are assumed to experience higher 
flow rates which winnow away fine sediments and have control over the 
bedform orientation (Masson et al., 2004).  It is therefore possible to examine 
backscatter for potential erosional and depositional areas with an aim to 
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elucidating any links between the two (Bellec et al., 2008). This can be 
exemplified by hard response gravel streaks terminating at an area of soft 
response sand patches, with high energy flow winnowing finer sediments from 
the streaks and depositing them as flow intensity reduces (Chapter 2) (Goff et 
al., 2000).  
Backscatter can therefore enable an interpretation of hydrodynamic energy 
distribution on the northwest Irish shelf, identifying areas likely to experience 
sediment erosion and deposition. When considering bedforms on the shelf, 
backscatter data also allows assumptions to be made as to availability of 
sediments for the formation of specific wave types. It is clear that the sandy 
sediments required to generate sandwaves are in short supply in the northeast 
of the study area, however surficial sediments of the required grain size are 
prevalent in the southwest. Relationships between this data and average flow 
calculations from hydrodynamic modelling can reveal the provenance of the 
sediments creating bedforms. These sediments may originate from the large 
glacial formations on the shelf which are eroded by long standing currents such 
as the ESC (Kuijpers et al., 2002, White and Bowyer, 1997).  
The classifications of Areas A and B in Chapter 3 represent the most accurately 
classified sections of the seafloor due to the high resolution of sediment 
sampling and short temporal lapse between backscatter and ground truth 
acquisition. Backscatter classifications which are constrained by a ground truth 
element rather than purely model based analysis (such as Angular Response 
Analysis) are often unable to map sediments down to individual grain sizes 
(Lamarche et al., 2011). As a result, it is typical for sediment classes to be 
grouped together, large ranges within these groupings can indicate poor quality 
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or low resolution data (Brown and Blondel, 2009, Che Hasan et al., 2014) The 
combination of surveys used to generate the backscatter charts on the 
northwest Irish shelf and the resultant processing required to merge these 
datasets has resulted in the need to group sediments within the classification 
scheme. For example, the similar acoustic responses displayed by boulders 
and bedrock in this area makes discerning the two classes difficult from 
backscatter imagery alone. In the case of bedrock, this has been addressed 
through the use of MBES data. Elsewhere, the varying composition of sands 
and gravels can create complications when trying to classify these coarse 
sediment mixtures (Goff et al., 2000). Grouping sediments may appear to be 
less useful by not classifying sediments down to common geological 
nomenclature e.g. (Folk, 1954), however, these groupings are more robust and 
can be validated within the bounds of data resolution. 
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Fig. 6.3 Example of classification derived from a backscatter signal (A) using ground truth data 
(B) and ESRI Arc GIS software.  
 
Backscatter classification over a single bedform reveals a number of insights 
when considering the formative processes, composition and other habitat 
related aspects of the formation at this localised scale. Classified backscatter 
data such as that presented in Chapter 3 reveal not only the surface 
composition of the mobile element of the bedform (sandwaves) but also the 
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surrounding substrate over which the mobile sandwaves are moving (Lamarche 
et al., 2011). Using knowledge of the sediment grain size, a hjulstrom curve can 
be used to calculate the minimum flow and bedstress required to make 
elements of the seafloor mobile (Hjulstrom, 1935, Miller et al., 1977). This can 
be further analysed by utilising bedform matrices such as that developed by 
(Stow et al., 2009) to relate this information to the morphology of the bedform 
observed. Bedform scale classification also reveals small scale differences in 
sediment type across the formation, such as the increase in grain sizes in the 
troughs of the sandwaves shown in Chapter 3 Area A. Grain size can also be 
utilized by benthic ecologists to make inferences as to the suitability of a habitat 
for a given species (Reise, 2002). In the case of Area A (Chapter 3) it is clear 
from backscatter classification that the giant sandwaves are composed of finer 
sediments than the surrounding shelf which is dominated by gravels and 
exposed bedrock. As a result, this classification reveals a bedform with a 
sedimentary composition very different to the surrounding shelf suggesting 
differing hydrodynamics and biological habitat. 
Despite the limitations of backscatter classification reduced accuracy due to the 
grouping of sediments the work presented in Chapters 2 and 3 represent a 
significant advance in the resolution of classified surface sediments on the 
northwest Irish shelf at a range of scales.  
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6.3 Use of Time Lapse Bathymetric data to investigate sediment 
mobility 
 
Repeat MBES surveys are a recognized method to measure seafloor change in 
both the vertical and the horizontal over a specified time period (Knaapen and 
Hulscher, 2002, Knaapen et al., 2005, Ma et al., 2014). The high resolution of 
modern MBES systems allow for accurate measurements to be made in the 
displacement of mobile sandwaves or changes in water depths (Schimel et al., 
2015, Schmitt et al., 2008). As with most datasets, temporal resolution is a key 
component to the accuracy of assumptions made about rates of change. As a 
result, multiple repeat surveys with short temporal spacing generate 
measurements with the highest confidences (Németh et al., 2002). The 
accuracy of time-lapse measurements can be adversely affected by an 
inappropriate temporal resolution that fails to capture changes such as the 
oscillatory movements of sandwaves between respective surveys (Smith et al., 
2007, Xu et al., 2008). In Area B Chapter 3, sandwaves exhibit oscillatory 
movements from the west to the east and then back to the west in three 
respective surveys. In this instance, a longer temporal spacing may have 
suggested movement direction and rates to the west only while shorter time 
lapses may have enabled this movement to be more accurately quantified. 
Despite this limitation, repeat survey with a long temporal spacing can be used 
to gain an overview of bedform migration and net sediment flux across the 
resurveyed areas. The process of measuring horizontal change has been 
refined through an automated GIS methodology adapted from terrestrial 
hydrography research (detailed in Chapter 3) (López-Vicente et al., 2014). This 
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methodology reduces azimuth bias and other possible user errors as well as 
presenting a more time effective process compared to manually drawing and 
measuring multiple sediment wave profiles (Smith and Wise, 2007).  
 
6.4 Hydrodynamic Modelling 
 
An understanding of hydrodynamic forces and their effect on the seafloor is 
required to be able to understand potential sediment transport and analyse the 
formative factors which lead to the generation of bedforms on the northwest 
Irish shelf. Field measurement of these forces is difficult, expensive and in the 
case of this research, unfeasible given the large area under investigation (Gunn 
and Stock-Williams, 2013, Legrand et al., 2006). As a result hydrodynamic 
models validated using real world data can be used to provide insight into flow 
rate and direction across a large area at a range of varying resolutions. The 
hydrodynamic model Mike by DHI used in this research features adaptations 
made to the simulation configuration that allow aspects of water movement to 
be more accurately simulated in the water column close to the seafloor. The 
result is a data set that is more applicable to the MBES, backscatter and 
sedimentary charts developed in this research (Barnard et al., 2013, Liu and 
Huang, 2009). Hydrodynamic modelling at a shelf scale can be used to 
examine large scale movements of water bodies, long standing currents and 
areas of high and low energy (Staneva et al., 2009, Young et al., 2011). They 
also allow for examination of the relationship between sediment distribution and 
ocean energy levels on a large scale (Staneva et al., 2009). 
Discussion 
 
235 
The flexible mesh that dictates the resolution of model outputs not only 
influences outputs in the near-bed portion of the water column but also allows 
for more data points over bedforms of specific interest. The model developed in 
this research has data output of <5 m resolution at key points of interest. This 
enables the flow rate and direction over individual sandwaves to be examined, 
revealing key information as to the forces contribution to differing bedform 
morphologies, sedimentary composition and migration. Importantly when 
considering the mobility of a specific bedform, this high-resolution data coupled 
with knowledge of grain size distribution can confirm asymmetry based 
assumptions as to whether a bedform is actively mobile or a relic of previous 
palaeotidal conditions (Hall and Davies, 2004, Terwindt and Brouwer, 1986). 
Furthermore, it has been used in this research to confirm not just if the bedform 
is likely to be mobile but also if the direction of migration assumed from 
asymmetry matches that of the dominant flow. As a result, both shelf scale and 
local hydrodynamic forces may be examined from one simulation. The model 
developed as part of this research is unique in this area of shelf for its emphasis 
on flow rates and bed stresses in the boundary layer close to the seafloor and 
the high resolution of data over targeted bedforms.  
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6.5 Sediment transport processes from a shelf to bedform scale 
6.5.1 Sedimentary Record of the European Shelf Current 
 
The European Shelf Current has been observed in multiple oceanographic 
investigations on the north and western Irish shelf. This barotrophic, geostrophic 
flow closely follows the shelf edge offshore Ireland (Fernand et al., 2006, White 
and Bowyer, 1997). There have been also been documented intrusions of this 
longstanding current onto the northwest Irish shelf between 55ºN and 56ºN, 
typically during winter months (Booth and Meldrum, 1987, Hill and Mitchelson-
Jacob, 1993). Given that measured flow rates of the ESC have exceeded 
0.66m/s it is not unfeasible to expect evidence of this current in the MBES, 
backscatter or model data utilised in this research.  
Chapter 3 suggests that the presence of sand ribbons is a sedimentary record 
of the ESC’s ingress onto the northwest Irish shelf similar to the findings of 
(Kuijpers et al., 2002) when investigating the NSOW and (Hanquiez et al., 
2007a) when identifying bedforms relating to the MOQ in the Gulf of Cadiz. 
These 4 m amplitude, elongate ridges extend for up to 16 km across the shelf in 
90 m water depth. Originally mapped in the 1970’s by (Bastos et al., 
2003)Kenyon, these bedforms typically occur parallel to flow and therefore can 
be used as indicators of flow direction (Allen, 1980, Evans et al., 2015). The 
change in orientation of these ridges from southwest – northeast to west – east 
between 55ºN and 56ºN correlates with the section of shelf where ESC 
intrusions have been measured. Model simulation data also agrees with 
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maximum current speeds over the sand ribbons of 0.5m/s, similar to the 
measured speeds of 0.6m/s in previous studies.  
The result of the ESC intrusion is a set of bedforms not evident elsewhere on 
the shelf despite similar sediments occurring in abundance. The work of 
(Kenyon and Stride, 1970) suggested a ‘possible’ sediment pathway matching 
the orientation of these sand ribbon, but with uncertainty as to the dominant 
direction of transport. This research can confirm the ESC as a major 
contributing factor to the formation of these sand ribbons and a resulting 
depositional sediment pathway from west to east. Furthermore, this pathway 
extends further to the east than originally suggested by (Kenyon and Stride, 
1970).  
 
6.5.2 Sediment pathways on the northwest Irish shelf 
 
To date, investigations into sediment pathways on the northwest Irish shelf 
have been limited. While mapping of glacial formations and their related 
sediments have been extensive, few studies have specifically examined modern 
seafloor sediments. (Kenyon and Stride, 1970) attempted to map the transport 
paths, bedload parting and convergence zones side scan sonar data. While this 
data suggested pathways with reasonable confidence in the waters of the 
English Channel, Celtic and Irish Seas, transport processes to the west of 
Scotland and Ireland could not be as well constrained resulting in classification 
as ‘probable’ or ‘possible’.  
Discussion 
 
238 
By examining shelf scale model outputs and sediment distribution it is possible 
to define potential sediment pathways evidenced by datasets which provide an 
overview that was not possible with the equipment used during these earlier 
investigations. By mapping, classifying and developing understanding of 
formative processes and migration pattern of bedforms across the shelf it has 
been possible to further refine these pathways down to local scales.  
This work suggests that the bedload parting point identified by Kenyon located 
~ 7º50W (northwest of Malin Head) should be moved further to the east to 
~7º20W (north of Malin Head). The pathways suggested by (Kenyon and Stride, 
1970) to the west of this point typical follow depth contours and coastline. The 
identification of sand ribbons and gravel streaks as part of this research agree 
with this, but also suggest that the direction of movement is from the southwest 
to the northeast, south of 55º25N and from west to east on areas of the shelf 
north of this point. East of the Malin Head parting zone, (Kenyon and Stride, 
1970) state a ‘known’ pathway moving west to east following depth contours 
which enters the Irish Sea through the North Channel. The rotary current 
identified over the giant sandwaves (55º26N, 6º58W) and the dominant flow 
direction simulated over the isolated sediment waves 6 km to the southeast 
suggest that sediment pathways may not be as simple as those identified by 
(Kenyon and Stride, 1970). Further east, at Area B (Chapter 3) off the 
Causeway Bank, inshore sediment pathways display considerable variation in 
directionality adding further question to the suggestions made by previous 
investigations. To further understand movement across the Malin Shelf, more 
data including better coverage further offshore would be required to properly 
define sediment pathways on this section of shelf. The work of (Xing and 
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Davies, 1996) also suggests that the north and northwest Irish shelf not only 
experiences along shelf transport but also off-shelf sediment movement, 
particularly on the Malin Hebridean shelf. It is therefore hypothesised that this 
off-shelf movement may be a contributor to the net loss of sediment measured 
at the areas resurveyed in Chapter 3.  
6.5.3 Mechanisms for sediment deposition and entrapment 
 
Improved understanding of hydrodynamics in the near seafloor zone, including 
identification of long standing currents such as the ESC make it possible to 
consider the forces controlling sediment distribution across the northwest Irish 
shelf. Both the Marine Institute ROMS model and the MIKE by DHI model in 
these chapters have identified southwest to northeast currents which veer to 
west to east flows creating similar sedimentary records across the seafloor 
(Chapter 4). When this flow data is related to grain size distribution and 
underlying bathymetry a number of trends can be identified. Hydrodynamic 
models indicate that the bathymetric rise evident in MBES and BPI data 
between 55º0’N and 55º30’N, classified as a moraine by (Benetti et al., 2010a), 
experiences southwest to north-easterly dominant flows. The profile of the 
moraine appears to cause fine to medium sands to be trapped on the southern, 
up-current side of the moraine. It is therefore hypothesised that these sands 
have been winnowed out from the gravels evident south of this location and 
deposited at the southerly base of the moraine.  
While a rise in bathymetry can be attributed as a sediment trap, several 
increases in water depth also appear to trap smaller grain sized sediments. One 
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such location is situated at 55º20’N 8º30’W where several gravel streaks 
terminate at a bathymetric depression resulting in a large area characterized by 
fine and medium sands.  
The notion that soft sediments will accumulate in deeper water, which are 
typically areas of lower hydrodynamic energy, is not unusual (Berelson, 2001). 
However, in some cases gravel streaks terminate with patches of soft sediment 
regardless of bathymetric change, e.g. the area in which sand ribbons form 
between 5º30’N and 55º40’N. This likely reflects that the finer sediments are 
being winnowed out of the gravel streaks and surrounding shelf over time with 
the depositional area identifying the point at which flow velocity is reduced. The 
final mechanism identified for soft sediment deposition on this energetic shelf is 
the rotary current described over the giant sandwaves to the east of Inishtrahull 
Island (Fig. 5.1). The high gravel content of the surrounding shelf suggests that 
finer sediments have been removed by the high-energy flows in that area (Miller 
et al., 1977, Rourke et al., 2010). This rotational current therefore has acted as 
a means for retention of finer sediments despite energetic flows across the shelf 
which would otherwise cause such easily mobilised sediments to be dispersed 
across the shelf (Caston, 1972, Huthnance, 1973, Williams et al., 2000).  
 
6.5.4 Assessment of bedform mobility: Active and relict bedforms on the 
northwest Irish shelf. 
 
The early works of  (Belderson et al., 1982), (Allen, 1980) and looked to the 
morphology of a bedform to ascertain how mobile it may be. Characteristics of 
both mobile bedforms and those considered to be relict (no longer active) were 
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established and form the basis for many modern sediment transport 
investigations. These thesis chapters benefit from the ability to utilise a modern 
multidisciplinary approach to the classification of bedforms as active or relict. 
Using the foundations established in the 1970’s, beform asymmetry can be 
used as an indicator of mobility (Chapter 2) (Barnard et al., 2013, Bartholdy et 
al., 2010b, Catano-Lopera and Garcia, 2006). However, in bidirectional current, 
it is possible for sandwaves to ‘flex’ around a central point resulting in an almost 
symmetrical or trochoidal form (Van Landeghem et al., 2009b). The mobility of 
symmetrical waves can be further classified using the roundness of the crest as 
an indicator, with sharp, pointed form suggesting increased movement 
(Lefebvre et al., 2014). It is suggested that more rounded crests suggest 
degradation of wave profile over time due to processes such as bioturbation 
(Borsje et al., 2008, Le Hir et al., 2007). This method of classification while 
robust, is not conclusive.  
The research undertaken in Chapter 4 builds upon this morphology-based 
assessment and includes two further data sets, backscatter derived sediment 
distribution and outputs from the hydrodynamic model Mike by DHI developed 
as part of this study.  Time lapse measurements can also be used as more 
definitive method to assess mobility (Knaapen et al., 2005, Smith et al., 2007, 
Xu et al., 2008), however, as these repeat measurements were not carried out 
across all bedforms on the shelf they are not included in this section of the 
discussion. By examining the sedimentary composition of a bedform and the 
hydrodynamic forces acting near the seafloor it is possible to calculate if energy 
levels are significant enough to mobilise sediment (Hjulstrom, 1935, Miller et al., 
1977). Additionally, this data can also be compared to bedform velocity matrices 
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such as those devised by (Belderson et al., 1982) and (Stow et al., 2009) to 
validate classifications. Hydrodynamic flow simulations also define the dominant 
flow direction and likely path for sediment migration. This is illustrated in 
Chapter 4 with both the Sand Ribbon and Giant Sand Wave formations. Here 
model and sediment classification combine to support the morphology-based 
inferences made in Chapter 2. In contrast, the same multi dataset approach 
identifies the Deep Water Trochoidal waves to the south of the Malin Deep 
(Chapter 2 & 3) as relict features. This is first suggested by rounded crests and 
symmetrical form. Further analysis of sediment grain size and flow rate confirm 
that energy levels over the bedform are not sufficient to initiate transport at any 
time during the model duration (Hjulstrom, 1935). This methodology also 
provides insight into bedforms present in a location which is difficult to explain 
using morphology alone e.g. the Rounded Trochoidal Waves discussed in 
4.5.3. Located in an area of seafloor experiencing lower energies than the 
surrounding shelf, this bedform could be interpreted as relict. However, model 
data suggests that periodically, flow rates reach velocities capable of mobilising 
the sediments of which the bedform is composed. As a result, it is interpreted 
that the bedform was formed under differing tidal conditions but has a 
morphology maintained by periodic highs in hydrodynamic energy (Hall and 
Davies, 2004, Terwindt and Brouwer, 1986). Likewise, analysis of the 
hydrodynamics and surficial sediments over the large outer moraine mapped 
and defined as irregular in shape by (Benetti et al., 2010a), reveals that modern 
conditions are not capable of reworking this feature.  
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It is therefore suggested that the northwest Irish shelf contains bedforms which: 
 
• are relict and no longer mobile under modern tidal / atmospheric 
conditions. 
• were most likely formed under palaeotidal conditions and are only 
periodically mobilised by higher than average currents. 
• are actively mobile.  
 
Further to this, the use of geomorphology alone to assess bedform mobility is 
proven not to be comprehensive. This work has led to redefinition of some 
sediment waves (Deep Water Trochoidal) as relict, which had previously been 
interpreted as actively mobile by (Dunlop et al., 2011).  
 
6.5.5 Giant sandwaves as an isolated pocket of soft sediments in a unique 
hydrodynamic regime.  
 
Set upon an offshore tidal bank, giant sandwaves located on the Malin Shelf at 
55º26N 6º58W reach amplitudes of 20 m. Large sandwaves typically form in 
high energy environments (Barnard et al., 2013, Besio, 2004) and while 
examples can be found globally of waves reaching 10 m amplitudes (Li and 
King, 2007, Németh et al., 2007), there is little documentation of sediment 
waves exceeding this (Van Landeghem et al., 2009b) . Sampling has shown 
these waves to be composed of golden coloured sands with a shell component. 
Identified in historic admiralty charts and MBES surveys between 2004 and 
2014 it is assumed that these sandwaves are a long-standing feature on the 
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Malin shelf. This formation is also easily identified in backscatter data as an 
isolated area of soft sediments surrounded by gravels and bedrock (Fig. 3.5 
and 6.2). As a result, these sandwaves are remarkable not just due to their 
large amplitude and high migration rates but also the location on the shelf in 
which they have formed. The asymmetry of these sandwaves suggests a 
clockwise, rotational current over the bedform, which is supported both by the 2 
km resolution Marine Institute ROMS model and the 5 m Mike by DHI model 
described in Chapter 5. Model data reveals that there is a bi-directional element 
to the currents in the area, which has been found to drive rotary currents around 
tidal sand banks in shelf environments globally (Caston, 1972, Sanay et al., 
2007, Williams et al., 2000).   
The narrow constriction of Inistrahull Sound 8 km to the west of the bedform 
creates some of the highest tidal energy levels in Irish Waters (514 G Wh/y) and 
has been suggested as a possible site for renewable energy tidal 
turbines(Giorgi and Ringwood, 2013, Rourke et al., 2010). This funnelling of 
tidal energy undoubtedly increases flow velocities on the shelf areas 
surrounding Inishtrahull Island and areas close to the giant sandwaves, 
evidenced by the Mike by DHI model. This flow undoubtedly contributes to the 
formation of the rotary current over the giant sandwaves and their long-standing 
presence on this section of shelf. This bedform comprised of coarse sand and 
shell also represents a habitat for marine species distinct from the surrounding 
shelf. Rotary currents such as those simulated over this bedform have been 
known to trap planktonic species within a confined area, leading to increased 
concentrations of their predators (Hill et al., 1996). Coupled with distinctly 
different sediments, this section of shelf is capable of supporting benthic and 
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pelagic organisms, which may be unable to inhabit the gravels on the 
surrounding shelf (Reise, 2002).  
It is typical for any marine renewable feasibility studies to implement 
hydrodynamic models to measure outputs and potential efficiency of any 
turbines installed on the seafloor, but also to gauge downstream effects of new 
structures (Ahmadian et al., 2012, Nash and Phoenix, 2017, Thiébot et al., 
2015). In the case of proposals to site marine turbines in Inishtrahull Sound it is 
possible that an influence on the flow moving through the sound may have an 
effect on the giant sand waves and other bedforms mapped in the vicinity (Neill 
et al., 2009). In most cases, reduction in flow velocity creates a hydrodynamic 
environment more conducive to sedimentary deposition (Berelson, 2001). 
However, in the case of the giant sand waves, the rotary current has been 
defined as the mechanism for bedform formation and sediment retention in the 
area. Should this current be interrupted, this retention mechanism may be 
affected resulting in a breakdown in the bedform (Sanay et al., 2007). Should a 
breakdown in bedform occur, accretion of these sediments around any 
installations in Inishtrahull Sound are unlikely due to surrounding high flow 
rates. The possibility of smothering of ‘hard’ substrate benthic organisms across 
the shelf is, however, likely due to the high volumes of soft sediment locked 
within the bedform (Hendrick et al., 2016). Furthermore, the loss of this habitat 
unique to this section of shelf may be damaging to the biodiversity of the waters 
surrounding Inishtrahull. 
It is therefore evident that the multidisciplinary approach adopted by this 
research has enabled effective analysis of sedimentary processes from a shelf 
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to sediment wave scale and may have future use to proposed marine 
engineering projects in the area. 
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Chapter 7 – Conclusions, impact and future work 
7.1 Conclusions 
This research utilised a multidisciplinary approach to improve knowledge of 
sedimentary distribution, bedform formation and potential mobility of sediments 
on the north Irish shelf. By adopting modern techniques for predicting and 
quantifying seafloor change and using new high-resolution multibeam 
bathymetry and backscatter data, this research focuses existing data sets on 
the sedimentary processes and fills knowledge gaps through generation of 
novel data. To this end, MBES data, sediment grab samples and hydrodynamic 
models have been combined with insights from previous research into the 
seafloor on the Irish shelf (Davies and Xing, 2002, Dunlop et al., 2011, Kenyon 
and Stride, 1970) to provide a more complete analysis of shelf sediments and 
their mobility. 
 
In Chapter 2, using pre-existing INSS multibeam data at 20m resolution and 
sediment samples and using GIS tools such as the ESRI ArcGIS Hydrology 
toolbox in a novel way, a new map of the north Irish shelf was generated. The 
map has revealed the complexity of seafloor morphology and sediment 
distribution on the northwest Irish shelf: 
• Surficial sediments have been classified in five main classes and their 
distribution mapped in detail.  
• Overall eight depositional (Barchan Dunes, Deep Water Trochoidal Waves, 
Giant Asymmetric Waves, Isolated Sand Waves, Rounded Asymmetric 
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Waves, Rounded Trochoidal Waves, Sand Patches and Sand Ribbons) and 
two erosional (Sediment Lineations and Furrows) bedform types were 
identified and described. 
• Some of these bedforms present characteristics typical of mobile, active 
formations. They include shelf-wide sediment lineations and sand ribbons 
that are typical of continuous, stable and high-energy current regimes. Their 
orientation also correlates well with published flow models and measures. 
• These modern sediments partially bury and traverse relict, glacial deposits, 
thus masking their acoustic response and altering the morphology of these 
glacial features via infilling or overprinting.  
• An interaction between modern and relict bedforms due to bottom current 
reworking of the seafloor is also possible. 
 
In Chapter 3, repeat bathymetric surveys at two selected sites were used to 
calculate horizontal and the vertical charges in bathymetry and to evaluate the 
mobility of the bedforms found within the sites. A novel method for measuring 
sediment wave migration was developed and presented. Lastly, sediment 
distribution across the sites was classified using ground-truthing and 
backscatter data to examine the possible links between bathymetric changes, 
sediment grain size and modelled hydrological conditions. In particular: 
• Both areas surveyed revealed mobile sediments with distinct migration 
directions controlled by a primary factor, a rotational current at Area A, and 
‘The Ridges’ rock outcrop at Area B. The use of multiple repeat surveys has 
also highlighted oscillation of sandwaves on at a scale larger than bedform 
wavelength. 
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• The results derived from the analysis of bathymetric data are corroborated 
by existing hydrodynamic models of the area.   
• The multi-method approach for the assessment of sediment transport, 
involving the use of multibeam bathymetric and backscatter data, sediment 
and seismic data and hydrodynamic models, has proven to be effective for 
the investigation of a high energy, continental shelf environment.  
• The use of ArcGIS hydrology tools in the application of wave crest 
determination and ET Geowizards scripts for measuring crest displacement 
has proved to be a time effective and quantitative way to quickly generate 
information on bedform migration.  
 
In Chapter 4, a new hydrodynamic model was developed from the model Mike-
3 by DHI using the recently acquired high-resolution bathymetric data and the 
previous work on sediment distribution on the shelf to generate a higher 
resolution, sediment transport specific hydrodynamic model for the north Irish 
shelf. A nested mesh model encompassing an offshore area of 103,000 km2 
was generated with the capability to resolve hydrodynamic conditions at a scale 
more relevant to bathymetric data. This nested mesh approach allowed shelf-
wide measurements of current speed to be calculated at <1 km resolution while 
in areas of special interest identified from MBES data, maximum resolutions of 
5 – 10 m were achieved. Further to this, bed stress simulation accuracy was 
improved by including sediment grain size distribution as a model input. These 
outputs, flow velocity and bed stress were then examined in relation to the 
sediment distribution and bedform morphologies discussed in Chapter 2: 
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• In general, lower flow velocities coincide with decreased grain size across 
the model domain with increased flow in inshore areas potentially 
accounting for the prevalence of coarser material.  
• The simulated hydrodynamic forces corroborate well with bedform 
classifications in Chapter 2, with more sessile, rounded crest formations 
typically undergoing periods of lower energy exposure than those 
interpreted as more mobile. 
• Simulations over bedforms identified as potentially relict suggest that 
hydrodynamic forces are not elevated enough to initiate or maintain 
transport of sediments in these areas.   
• The observed relationships are in agreement with many oceanographic 
current pathways identified by previous investigations in the region, 
including evidence of possible European Slope Current ingress onto the 
shelf.  
 
Lastly, in Chapter 5, the hydrodynamic model was refined and increased in 
resolution over the seafloor bedforms, for which sediment mobility was studied 
in Chapter 3 using time-lapse bathymetric surveys. The resulting outputs enable 
hydrodynamics and migration to be examined at very localised scales down to 
individual sediment wave scales.  
 
• The forces driving the rotary migration of sandwaves in Area A are 
established and linked to wider shelf hydrodynamics, specifically the 
movement of water through Inishtrahull Sound. 
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• The significance of rounding of crest profile at specific crest points is 
examined and related to this rotational migration. 
• Trends are established across Area B indicating where hydrodynamic 
forces are capable of mobilising sediments during mean conditions or 
peak periods of energy only, suggesting periodic migration.  
 
Overall, this research has highlighted the benefits of a multidisciplinary 
approach to the investigation of modern seafloor sediments in a shelf 
environment. The use of bathymetric, backscatter, sediment, seismic and 
hydrodynamic data has combined to generate the most complete description of 
modern marine sediment transport on the northwest Irish shelf to date. 
 
7.2 Impact: implications of results for management and 
exploitation of offshore marine resources 
The multidisciplinary approach adopted in this study has resulted in data sets 
with numerous applications beyond the field of sediment transport research. 
Some of these applications are here discussed, with an Irish shelf context to the 
fore. However, many of the points raised are applicable to similar shelf 
environments around the globe.  
Knowledge of near bottom flow, sediment distribution and potential mobility of 
substrate can have implications for the management of historically significant 
wrecks found on the seafloor (Quinn et al., 2007). Due to the logistical 
difficulties associated with raising and maintaining maritime archaeology, the 
preferred method of site preservation is often to leave the wreck in situ, allowing 
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surrounding seafloor sediments to encase and protect any remaining structures. 
However, in some instances, a wreck can undergo periodic erosion and 
accretion of sediments, allowing structures to be exposed to energetic 
oceanographic conditions and biological colonization(Quinn and Boland, 2010). 
These may lead to degradation. Therefore, developing an understanding of 
hydrodynamic conditions and potential sediment mobility can be used to make 
predictions as to the level of natural preservation a wreck may experience over 
time. This is relevant locally on the Irish shelf, where hundreds or wrecks have 
been found as a result of the seabed mapping programmes INSS, INFOMAR 
and JIBS (Brady et al., 2012). However, the methodologies outlined here can 
be applied to wreck sites in any given location in order to monitor exposure to 
degradation and manage preservation by quantifying sediment accretion or 
erosion around historical structures.  
Our coastlines are becoming an increasingly important area for industry, 
recreation and tourism (Barnard et al., 2013). This has resulted in a heightened 
pressure to manage resources in the coastal zone effectively. For ‘soft’ 
coastlines with tourism reliant on sandy beaches as on the Irish north coast, 
knowledge of sediment pathways and migratory patterns can be vital in 
informing management decisions such as coastal defence methods or beach 
replenishment. Surface difference models presented as part of this study reveal 
a net loss of sediments across sites monitored on the north Irish coast. The 
hydrodynamic model used here can be modified to include inshore areas, 
including spectral waves which may further increase understanding of natural 
beach stripping and replenishment over time.  
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Additionally, data presented in this thesis improve the understanding of 
sediment distribution, potential substrate mobility and hydrodynamic flow on the 
north Irish shelf. This knowledge is needed by stakeholders to inform decisions 
on the locations for dumping dredge materials, licensing of aggregate extraction 
and permissions for coastal engineering works such as harbours or marinas.  
Applications of this research to the field of marine renewables and associated 
offshore engineering works are many. Hydrodynamic model outputs and 
seafloor sediment distribution are typically key components of renewable 
energy site feasibility studies. The mobility of sediments immediately 
surrounding installations is of special concern to engineers. Scouring of 
sediments around structures and pipelines can undermine foundation integrity, 
expose entrenched cables and effect hydrodynamic flow regime. Equally, 
excessive accretion of sediment can lead to structural weakness and modify 
water flow around submerged structures. This study encompasses multiple, 
proposed marine renewable energy sites, including underwater tidal turbines 
and offshore wind farms. While these proposed sites undergo intensive, 
localised site investigations, this study has revealed that sediment mobility over 
a larger scale must be considered. Some of the mapped largest bedforms have 
moved >20m yr-1 over the last 6 to 9 years. Taking this into consideration, it is 
not inconceivable that transient waves could migrate through a renewable 
energy site from beyond the localised boundaries of a feasibility study. This 
highlights the need for increased understanding of sediment pathways on the 
shelf. The methodologies presented in this research can be applied to any shelf 
environment with potentially mobile sediment and proposed marine installations, 
to provide a baseline for prediction of potentially harmful sediment transport.  
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Data detailing sediment distribution and hydrodynamic conditions throughout 
the water column and close to the seafloor have many applications with a 
biological context. Substrate type (or its presence or absence) is typically the 
controlling factor for sessile and infaunal organisms. Grain size often dictates 
the ability of marine organisms, such as annelida, to move through substrate, or 
can prevent attachment or anchoring of sessile creatures (Levin and Dibacco, 
1995). Sediment mobility also often dictates the suitability of habitat for some 
species, with some organisms unable to tolerate any form of smothering by 
substrate (Freiwald et al., 2002, Levin and Dibacco, 1995). Seafloor 
composition also drives the location of spawning grounds for commercially 
important fish stocks (Kloppmann et al., 2001). Hydrodynamic flow is an 
influential factor affecting species distribution.  For example, current speed and 
direction has particular relevance to planktonic organisms and sessile filter 
feeders, while some nektonic species may also be influenced by longstanding 
currents or seasonal variation in dominant flow direction (Freiwald et al., 2002, 
Levin and Dibacco, 1995, Moll and Radach, 2003). Hydrodynamic models such 
as the one developed as part of this research may be further modified for 
specific biological applications. Through development of particle tracking 
modules, factors such as larval dispersal may be more accurately quantified. 
This has particular relevance when considering distribution of commercial 
important shellfish spat but may also be a means to track the expansion of 
invasive species. Such a model could also be utilised to monitor the formation 
and movement of Harmful Algal Blooms, which often occur in coastal waters.  
It is when hydrodynamic data and substrate distribution are combined that a 
more complete picture of the marine environment is generated and it is these 
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factors which form the basis of European Union Nature Information System 
(EUNIS) habitat classifications required as part of the EU’s Habitat Directive. 
The data presented here is adequate to fulfil the elementary layers of this 
classification system and provide an excellent baseline from which biologists 
can further quantify habitat suitability for a range of marine species.  
 
7.3 Future work 
This work has highlighted the effectiveness of combining repeat bathymetric 
surveys with a hydrodynamic model of appropriate scale, enabling a 
comprehensive understanding of shelf sedimentary processes. This research 
was carried out largely using existing data sets and as such survey design, 
measurements and sampling strategy were not dedicated to sediment transport 
applications. Overall similar future research would benefit from targeted repeat 
MBES and sediment surveys with similar coverage, resolution, system 
configuration and time-lapse intervals. Uniform design allows transport rate and 
direction, surface sediment composition and bathymetry to be much better 
constrained. Data sets acquired concurrently can are more applicable for 
analysis and similar system configurations remove the need to adjust data to a 
common format or baseline.  
One of the missing aspects of this work is the lack of information about the 
actual thickness of the sediment bedforms here described with the exception of 
the seismic data presented in Chapter 3. Analysis of seismic data in conjunction 
with the analysis of sediment cores would further the understanding of the 
thickness of sediment facies and bedforms and thus the amount of material 
available for mobilisation. Seismic data and core stratigraphy descriptions would 
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also provide greater insight into the relationship between modern, active 
sediments and underlying seafloor architecture such as glacial formations. 
Information about the thickness of sediment units on the shelf can also provide 
further input into Mike by DHI’s transport module, defining the depth and volume 
of a specific sediment type available for mobilisation. This module enables 
forecasting of sediment migration with the model. As with most research in the 
area of hydrodynamics, simulated model data is considered inferior to in situ, 
field measurements. Further work on the hydrodynamics of the Irish shelf would 
therefore benefit from flow measurements across the shelf using Acoustic 
Doppler Current Profilers (ADCP) or similar. In particular, an array of such 
devices spanning the sites described in Chapters 3 and 5 would further 
constrain model outputs and provide more accurate insights into flow regime 
along this dynamic marine environment.  
The questions raised in Chapter 2 regarding the distortion of glacial landforms 
and in general the understanding of sedimentary processes over the shelf may 
be better answered by the generation of a suite of palaeo-hydrodynamic models 
for this region. Research into the timing and offshore extent of the British-Irish 
Ice Sheet is informing sea-level models (O'Cofaigh et al., 2012, Peters et al., 
2016). As our understanding of changes in sea level and tidal ranges over the 
shelf since the Last Glacial Maximum (LGM) and during deglaciation improves, 
the bed stresses could be modelled at relevant time intervals since the LGM. 
The resulting models, similar to that used in this study, could be utilised to 
assess how hydrodynamic forces have changed over the shelf with time and the 
age of formation and modification of the bedforms that were interpreted as 
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relict. They may also give insight as to the point in time where bed stresses 
decreased sufficiently to allow previously active bedforms to become dormant.  
Lastly it is worth pointing out how, given the time and difficulty associated with 
developing a working hydrodynamic model, the model itself will typically be 
utilised for multiple applications. The large spatial and temporal coverage of the 
model here developed, coupled with the range of possible resolutions, make it 
particularly useful for both large scale processes and localised hydrodynamic 
interactions. Larval dispersal prediction and harmful contaminant tracking are 
increasingly popular fields of research with the large volumes of water 
exchange and chemical weapon disposal in the North Channel making it of 
special interest to biological scientists. A prevalence of intact shipwrecks and 
proposed marine renewable sites within the model domain mean it can also be 
used to simulate high-resolution hydrodynamic processes across small areas. 
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Appendix 1 -  Modern Bedform and Sediment 
Distribution on the North West Irish Shelf 
Presented at 56th Irish Geological Research Meeting 2013, Derry.  
Will Evans1*, Sara Benetti1, Derek Jackson1, Xavier Monteys2. 
1School of Environmental Sciences, University of Ulster, Coleraine, United Kingdom 
2Geological Survey of Ireland, Beggars Bush, Dublin, Ireland 
The NW Irish shelf has undergone intensive surveying in recent years. 
Multibeam echosounder data, gathered as part of the Marine Institute’s Irish 
National Seabed Survey (INSS - http://www.gsiseabed.ie) has revealed 
bedforms of diverse size and structure. Some of these bedforms may be 
interpreted as glacial structures associated with the advance and retreat of the 
British Irish Ice Sheet while others present geomorphlogy associated with more 
modern marine environments. Backscatter images also present in this data set 
allow interpretation of not just morphology but also the surface sediments of 
which these bedforms are comprised. Extensive ground truthing samples taken 
as part of the INSS survey and on other research cruises in the area, allow 
these backscatter images to be calibrated to enable mapping of shelf sediments 
on a large scale, but at high resolution. This poster displays charts illustrating 
the location and geomorphology of the aforementioned modern sediments. 
Backscatter classification has been carried and calibrated with the Geological 
Survey of Ireland’s sediment database to present a shelf wide sediment map. 
Probable relationships between sediment distribution, modern and glacial 
bedforms are also discussed. 
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Appendix 2 – Erosional and Depositional Features on 
the northwest Irish shelf. 
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Appendix 3 – Observation of bathymetric change using 
time-separated MBES surveys on the north Irish shelf 
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The north Irish shelf has undergone intensive surveying in recent years. 
Multibeam echosounder data gathered as part of the Irish National Seabed 
Survey (2004) and the Joint Irish Bathymetric Survey (2007) have revealed 
bedforms of diverse size and structure. How these bedforms migrate across the 
seafloor has implications for the siting of marine renewable installations, routing 
of cables, preservation of maritime archaeology and marine habitat 
designations. Repeat multibeam surveys are a useful method to monitor this 
migration over time as differences between successive surveys can indicate 
transport rate and direction of sediments. In 2013, 158km2 of seafloor on the 
north Irish shelf was resurveyed using multibeam echosounder, seismics and 
sediment sampling techniques. Areas resurveyed were selected based on 
proximity to proposed marine renewable sites and Special Areas of 
Conservation, as well as displaying variety of bedform type. This poster 
presents differences in seabed morphology between this survey and previous 
mapping programs resulting in time-lapse data of between 7 and 9 years. Caris 
Hips & Sips 7.1 was used to create surface difference charts, indicating overall 
sediment flux and any change in the amplitudes of bedforms observed. ESRI 
ArcGIS 10.1 was then used to digitise and measure movement of bedform 
crestlines to generate a chart indicating rate and direction of migration. The 
magnitude and possible implications of this movement, are discussed. 
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Appendix 4 – CV13030 Shiptime Report 
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Sediment Transport Assessment, 
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Section A:    Award Summary 
 
 
Title of Research Survey 
and Survey Code: 
Sediment Transport Assessment, Irish North 
Coast 
 
CV13030 
 
Co-Ordinator/ 
Chief Scientist: 
 
 
Will Evans 
Vessel used for ship-time: 
 
 
RV Celtic Voyager        RV Celtic Explorer    
Total number of days at 
sea: 
 
5 Days 
Total number of grant-aided 
ship-time days awarded: 
 
5 Days 
Dates of survey: 
 
 
27/09/13 – 01/10/13 
Mobilisation/Demobilisation 
Ports 
 
Rathmullan / Lisahally 
Survey Personnel: 
 
 
 
 
 
No. of Scientists 
 
 
3 
No. of  
Students 
 
2 
Final Report Completed by: 
 
 
 
 
 
 
 
Will Evans 
 
 
 
 
 
Date: 
 
 
20/10/13 
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Section B:    Description of the Research Survey 
 
B1 Overview of survey personnel 
 
Names Institute/ 
Department/ 
Course 
Position 
(undergraduate/ 
post graduate etc) 
Number 
of Days 
Scientists  
 
Will Evans 
 
 
Fabio Sacchetti 
 
Jay Calvert 
 
 
 
 
University of 
Ulster 
 
Marine Institute 
 
University of 
Ulster 
 
 
Postgraduate 
 
 
Postdoctorate 
 
Postgraduate 
 
 
5 
 
 
5 
 
5 
Students  
 
Stephen Ramsay 
 
 
James Burns 
 
 
 
 
University of 
Ulster 
 
University of 
Ulster 
 
 
 
Undergraduate 
 
 
Undergraduate 
 
 
5 
 
 
5 
 
 
 
B2 Objectives  
Briefly outline the overall objectives of the research survey.   
Please state if objectives have changed from the original proposal.  If survey included a training element 
please outline clearly. 
 
 
 
Recent programmes in Irish coastal waters such as Irish National Seabed Survey 
(INSS), Integrated Mapping For the Sustained Development of Ireland’s Marine 
Resources (INFOMAR) and Joint Irish Bathymetry Survey (JIBS) have created very 
high-resolution data sets which have revealed a wide variety of sedimentary 
bedforms. These bedforms typically display geometrical characteristics consistent 
with migration. Multibeam Echosounder (MBES) data, while excellent at detailing 
these geometrics at high accuracy, can only provide a single snapshot of 
bathymetry. The result is that any rate or direction of migration can only be 
assumed. The relationship between these geometric characteristics and rates of 
migration have been increasingly contested in recent years based on evidence from 
time-lapse surveys. Given the high diversity and density of bedform types, high 
energy hydrodynamic regime and multi-disciplinary interest, the JIBS / INSS data 
sets present an excellent opportunity to carry out sediment transport assessment 
via repeat MBES surveys.  
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The main aim of this survey was to assess sediment transport in four selected areas 
based on significant changes in bathymetry. Repeat survey of these areas should 
allow the conventional relationship between bedform asymmetry and migration 
direction to be tested.  It is hoped that the data collected as part of this cruise will 
increase knowledge of sediment pathways on the shelf and sediment budget for 
sections of coastline. 
 
In line with recommendations made by Marine Institute as part of the shiptime 
application review process, a benthic biology assessment was also included in the 
survey. As such, fauna >1mm were removed from the sediment and preserved for 
further classification. This data will be used to further understanding of benthic, 
faunal biodiversity and distribution across a range of depths and sediment types.  
 
Two students on board received training in treatment and processing of sediment 
and benthic ecology samples. Fabio Sacchetti also provided instruction in the 
operation of multibeam, pinger and castaway Conductivity Temperature Density 
(CTD) systems. 
 
 
Specific objectives of the survey were: 
 
• To repeat MBES surveys in selected areas of the JIBS and INSS data sets for 
evidence of bathymetric change. 
 
• To relate any change in bathymetry to potential sediment transport with emphasis 
on the migration of sandwaves. 
 
• To ground truth MBES data using sediment grabs to aid classification of backscatter 
data. This will also supplement the low-resolution sediment data in the area. 
 
• To collect biological information to accompany the new sediment and bathymetric 
data. 
 
• To provide multidisciplinary training for undergraduate students. 
 
 
 
 
 
B3 Overview of research survey 
Provide a narrative overview of the research survey including survey timelines   
The information provided in this section should not exceed 5 pages (excluding tables and maps) 
 
27th October  
 
11:15 Scientific party arrived Rathmullan. Cores from CV13031 were removed for 
transit to University of Ulster Coleraine. 11:45 Safety brief and lunch followed by 
muster. 13:15 Depart Rathmullan. After discussion with the Captain, the decision 
was made to survey sites 3 + 4 (see Fig.1), then proceed into UK waters. This 
decision was designed to reduce transit times and to take into account increasing 
weather conditions in the forecast. 16:00 Arrival at first sediment sampling station 
(1/13, Area 3).  Weather condtions were favourable and the Day Grab was 
deployed. 16:45 Final sediment sample of the day carried out (3/13, Area 3). 
17:05 MBES and Pinger initiated for Area 3, beginning with a soft start. 17:15 R.V. 
Celtic Voyager fouled on fishing gear.  MBES + Pinger stopped. 17:50 Foul cleared 
and MBES + Pinger resumed. 19:30 Decision made to move to Area 4 due to 
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prevalence of fishing gear with excessively long, floating lines.  Plan to return and 
survey Area 3 in hours of daylight. 20:00 Multibeam + Pinger initiated Area 4. 
 
 
28th October 
 
11:30 MBES + Pinger operations ceased. Acoustic survey of Area 4 completed.  
12:00 On station for sediment sample (1/17, Area 4). The decision was made to 
continue with sampling with the Day Grab given the good recoveries made on the 
27th. 16:30 Final sediment sample of the day taken, (17/17, Area 4). 16:45 
Transit to Area 3. 17:30 MBES + Pinger started. Areas with fishing gear surveyed 
first (daylight hours) to reduce risk of fouling on long floating lines.  
 
 
29th October 
 
09:30 MBES + Pinger operations ceased. Acoustic survey of Area 3 complete. 
Some small gaps remained in MBES to be filled before transit to UK waters. 10:15 
On station (4/14, Area 3), continued use of Day Grab for sediment sampling. 
11:10 Final sediment sample taken for Area 3 (13/13). 11:10 Gaps in MBES data 
filled. 11:30 Transit to Area 2 in UK waters. 14:00 Arrive Area 2 at first sediment 
sample location (1/46). 16:30 Final sediment sample of the day (9/46). 16:30 
After discussion with the Captain, survey Areas 1 & 2 were joined into one 
continuous survey area. This not only increased MBES coverage for the area but 
also created longer, straight survey lines resulting in less complicated navigation. 
16:40 MBES + Pinger operations started on the furthest offshore survey lines due 
to gradually increasing weather conditions forecast for the remainder of the cruise. 
 
 
30th October 
 
09:00 MBES + Pinger operations ceased. 09:30 On station for Day Grab sample 
(10/46). 16:30 Sediment sampling operations finished for the day (38/46). Day 
Grab performed excellently across a wide variety of depths and sediment types, 
despite increasing weather conditions. Crew and scientists worked well together to 
sample these 28 sites (with occasional repeat sampling). 16:35 MBES + Pinger 
resumed.  
 
 
1st November 
 
10:00 MBES + Pinger operations ceased. Acoustic survey of Areas 1 + 2 (merged) 
complete. 10:45 On station for Day Grab (39/46). 11:00 Final sediment sample 
recovered (46/46) and began transit to Lisahally. 13:30 Arrive Lisahally. 15:00 
Full Demob and departure of scientists.  
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Fig.1 Outline of proposed survey areas and proximity to proposed renewable energy 
sites. 
 
 
B4 Benefits, impact and contribution of the outputs to marine research 
and the marine sector in general. 
 
Outline clearly the specific outcomes and benefits of the research survey. 
The information provided in this section should not exceed 1/2 page (excluding tables and maps) 
 
 
Several benefits to the survey results are predicted. While the majority of data has 
yet to be processed several potential impacts have been identified based on 
themes.  
 
 
Publications 
 
The data collected as part of this research cruise is expected to form the basis for 
at least one peer-reviewed article in an international journal as part of a PhD 
project in sediment transport (Will Evans). Repeat MBES survey across such a large 
area and range of sediment wave types is uncommon in scientific literature. It is 
hoped that the processed data will provide a novel insight into shelf sediment 
transport potential. Benthic ecology data collected is also expected to feed into a 
second PhD (Jay Calvert) examining faunal communities across different acoustic 
backscatter ranges, again, with peer reviewed publications.   
 
 
Marine Renewables and Offshore Engineering 
 
Knowledge of sediment mobility is highly important when considering any marine 
engineering. Mobile sediments can cause erosion or accretion of sediments against 
installations, potential reducing structural integrity. Not only is the main harnessing 
equipment such as a tidal turbine or wind turbine base to be considered, but also 
associated cables and anchors.  Increased knowledge of volumes and rates of 
 298 
sediment flux generated by this survey may further inform the decision-making 
processes for the proposed tidal energy site at Inishtrahull and the proposed wind 
turbine site at Tuns Bank (Fig.1). Early analysis of the Inishtrahull Sound area 
suggests that inshore sediment waves appear to be mobile, with new waves 
apparent in the cruise data that did not exist at the time of the JIBS survey (Fig.3). 
 
 
Hydrodynamic Model 
 
Due to the high costs of conventional analysis of sediment mobility (repeat survey, 
seabed landers, moored equipment), hydrodynamic models are being utilised to 
great effect with widespread applications.  Such models can also support 
arguments for sediment mobility derived from geomorphological features observed 
in MBES or backscatter data sets. One of the most common of these is bedform 
asymmetry evident in sand waves. A hydrodynamic model has been developed by 
Will Evans as part of his PhD project on sediment transport. Backscatter and 
ground-truthing data from this survey will be combined to produce a roughness 
chart which will provide an important input into this model.  This input will allow the 
sediment transport module within the software to more accurately simulate bed 
stresses across the shelf, allowing for forecasting of probable sediment mobility. 
This has multiple applications including habitat mapping, and wreck site 
management. Three proposed marine renewable sites are located within the 
boundaries of this hydrodynamic model, including two tidal turbine sites. 
Knowledge of bed stresses not only within the boundaries of these sites, but also 
the extended region around them may provide insight into the long-term viability of 
engineering installations. Ultimately this combined approach of computational 
analysis and site resurvey may form the basis of a common research strategy for 
management of sediment on a shelf-wide scale. 
 
 
Coastal Zone Management 
 
Bathymetric difference models generated from MBES repeat survey will indicate 
trends in sediment budget for the selected areas of the north Irish Shelf.  This is of 
particular importance for Areas 1 & 2, where good coastal zone management is 
becoming increasingly vital due to the high economic reliance on tourism attracted 
by beaches and watersports.  Knowledge of sediment budget offshore may 
influence management of beaches, hard and soft coastal defences and future 
aggregate extraction licensing. This relates directly to several ‘Environmental 
Impacts’ outlined in the MI Sea Change Strategy including environmental 
management planning. An increase in marine tourism was also identified as a 
target under the strategies ‘Economic Impacts’. 
 
Other Impacts 
 
Data acquired as part of this cruise may be used for future research in other 
disciplines. The Irish North Coast has an abundance of wreck sites and areas of 
interest to maritime archaeology. Knowledge of sediment accretion or erosion may 
influence wreck site management or future survey design.   
 
Seafloor substrate type, mobility and hydrodynamic conditions are all key 
components in defining a marine habitat. Data from this cruise may affect the 
validity of previous habitat mapping carried out as part of the European Habitat 
Mapping Directive.  This is of particular importance given that much of the MBES 
and sedimentary data collected in Area 1 is within the candidate Special Area of 
Conservation (cSAC) ‘Skerries and Causeway’. The combination of significantly 
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improved backscatter data and density of sediment samples will allow substrate 
maps for the area to be improved. Biological sampling within the area also presents 
a suite data with which to further inform any special designations attached to this 
area of conservation. 
 
Future Scientists 
 
It is envisaged that the data sets collected as part of this cruise will be utilised for 
teaching at University of Ulster. Acoustic and sedimentary data is directly applicable 
to modules in seafloor mapping, GIS training and data set integration and as part 
of dissertation projects. Biological samples will be stored to provide a catalog of 
marine invertebrates available for student training in identification techniques.  
 
 
 
 
B5 Data 
Provide a description of the data collected from the research survey, the usage of 
the data and how it will be stored.  
The information provided in this section should not exceed 1/2 page (excluding tables and maps) 
 
 
 
 
Multibeam Data 
 
The primary objective of the research cruise was to carry out repeat MBES surveys 
over selected areas. These areas were chosen based on proximity to marine 
renewable energy sites, sediment transport potential and previous repeat survey 
coverage. Before initiating any of the acoustic surveying equipment aboard, a soft 
start was carried out, in line with the recommendations made during the JNCC 
review process.  A total of 157.47 km2 repeat MBES coverage was achieved, 
exceeding the objectives outlined in the original shiptime application. Some 5 km2 
of this had previously been resurveyed as part of University of Ulster student 
training cruises in 2009 and 2010 (Fig.4). The result is excellent repeat coverage in 
key areas of INSS and JIBS data on the Irish North Coast. This data will be 
compared to earlier MBES surveys and surface difference analysis carried out. This 
process is aided by the inclusion of datum objects, such as bedrock, within the 
survey design which allow multiple data sets to be compared more accurately. 
Sediment wave crestlines will be mapped and compared to those identified as part 
of previous research, allowing some inferences to be made as to sediment transport 
in the horizontal as well as the vertical. This data will form part of at least one peer 
reviewed article and will provide a significant component of the PhD thesis of Will 
Evans.  
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Fig.2 Area 4, large offshore sandwaves. Area of survey was adjusted from original 
proposal to improve coverage of the bedform. 
 
 
 
 
Fig.3 Area 3, Inishtrahull Sound MBES coverage. 
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Fig.4 MBES coverage and sediment sample locations in the JIBS data (Areas 3 + 4). 
The survey area differs greatly from the original proposal. Previously resurvey 
locations are boxed Red (2010) and Orange (2009) 
 
 
Backscatter 
 
The backscatter data collected simutaneously with bathymetric data allows 
important inferences to be made as to the composition of surface sediments in the 
surveyed areas. Sediment samples acquired will be used to ground truth this data, 
allowing similar backscatter responsed to be classifed by sediment type. This 
backscatter classification chart will have numerous applications, initally forming a 
key dataset for a journal article assessing the variation and migration rates of 
bedforms and how these may relate to substrate type. Further to this, sediment 
distribution will form a seabed roughness input for the hydrodynamic model of the 
area, enabling more accurate simulation of bed stresses. This data will be stored 
digitally at University of Ulster. 
 
 
Sediment Samples 
 
Throughout the duration of the cruise, the Day Grab was used for sediment 
sampling. Processed backscatter data was used to target sample sites on areas of 
differing backscatter response (see Figs. 2, 3, 4). This in turn will enable more 
accurate mapping of backscatter classification and sediment distribution. 92 
attempts were made with the Day Grab with 14 ‘no recovery’ sites. The equipment 
performed excellently given the range of sediment types sampled.  
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Station Equipment Longitude Latitude Depth 
          
IT 1 Day Grab -7˚16'47.44" 55˚23'22.70" 36m 
IT 2 Day Grab -7˚15'15.22" 55 23'1.36" 32m 
IT 3 Day Grab -7˚12'13.38" 55˚23'32.88" 60m 
IT 4 Day Grab -7˚10'1.45" 55˚24'35.94" 35.5m 
IT 4A Day Grab -7˚10'8.92" 55˚24'37.29" 34.5m 
IT 5 Day Grab -7˚10'35.12" 55˚24'25.17" 33.7m 
IT 5A Day Grab -7˚10'44.44" 55˚24'26.18" 33.5m 
IT 6 Day Grab -7˚9'19.80" 55˚23'50.43" 42.8m 
IT 7 Day Grab -7˚9'20.62" 55˚23'42.73" 47.3m 
IT 7A Day Grab -7˚9'27.37" 55˚23'43.67" 48.2m 
IT 8 Day Grab -7˚12'25.88" 55˚23'38.45" 58.7m 
IT 9 Day Grab -7˚12'28.57" 55˚23'45.66" 46.1m 
IT 10 Day Grab -7˚14'20.15" 55˚23'38.30" 87.7m 
IT 11 Day Grab -7˚15'28.45" 55˚23'45.51" 81.2m 
IT 12 Day Grab -7˚16'21.66" 55˚23'45.85" 60.3m 
IT 12A Day Grab -7˚16'32.41" 55˚23'47.26" 58m 
IT 13 Day Grab -7˚16'26.45" 55˚22'36.44" 21.7m 
IT 13A Day Grab -7˚16'32.11" 55˚22'36.91" 22.1m 
NI 1 Day Grab -6˚39'56.67" 55˚17'8.91" 78.9m 
NI 2 Day Grab -6˚38'5.58" 55˚16'38.85" 64.5m 
NI 3 Day Grab -6˚37'12.11" 55˚16'20.91" 74.4m 
NI 4 Day Grab -6˚36'37.43" 55˚16'4.03" 63.7m 
NI 4A Day Grab -6˚36'32.01" 55˚16'3.55" 64.8m 
NI 5 Day Grab -6˚35'54.03" 55˚15'39.44" 58.8m 
NI 6 Day Grab -6˚35'37.42" 55˚15'28.28" 69.4M 
NI 6A Day Grab -6˚35'41.30" 55˚15'29.52" 68.6M 
NI 7 Day Grab -6˚35'19.96" 55˚15'16.34" 52.6M 
NI 8 Day Grab -6˚42'14.56" 55˚16'21.73" 62.9m 
NI 9 Day Grab -6˚41'14.01" 55˚16'22.20" 63.6m 
NI 10 Day Grab -6˚40'33.88" 55˚16'22.42" 64.2m 
NI 10A Day Grab -6˚40'36.84" 55˚16'21.34" 64.1m 
NI 11 Day Grab -6˚39'23.33" 55˚16'24.83" 63.9m 
NI 12 Day Grab -6˚40'20.41" 55˚15'49.51" 47.5m 
NI 12A Day Grab -6˚40'24.17" 55˚15'49.96" 47.8m 
NI 13 Day Grab -6˚42'12.57" 55˚15'19.96" 42.7m 
NI 14 Day Grab -6˚40'53.78" 55˚14'52.68" 46.6m 
NI 15 Day Grab -6˚40'32.09" 55˚14'47.35" 48.6m 
NI 15A Day Grab -6˚40'37.41" 55˚14'47.04" 47.4m 
NI 16 Day Grab -6˚39'47.89" 55˚15'2.97" 57.3m 
NI 17 Day Grab -6˚40'12.65" 55˚15'25.89" 49.4m 
NI 18 Day Grab -6˚39'28.34" 55˚15'23.01" 51.2m 
NI 19 Day Grab -6˚38'7.60" 55˚16'4.48" 58.4m 
NI 20 Day Grab -6˚37'12.29" 55˚16'15.24" 76.2m 
NI 20A Day Grab -6˚37'21.58" 55˚16'14.63" 67.6m 
NI 21 Day Grab -6˚36'43.33" 55˚16'32.02" 117.3m 
NI 22 Day Grab -6˚36'13.09" 55˚16'22.89" 74.9m 
NI 22A Day Grab -6˚36'25.53" 55˚16'23.31" 64.8m 
NI 23 Day Grab -6˚37'41.44" 55˚15'53.48" 70.1m 
NI 23A Day Grab -6˚37'52.07" 55˚15'53.05" 70.3m 
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NI 24 Day Grab -6˚37'31.38" 55˚15'41.04" 85.8m 
NI 25 Day Grab -6˚36'59.65" 55˚15'28.47" 67.8m 
NI 26 Day Grab -6˚37'43.66" 55˚15'26.30" 59.3 
NI 27 Day Grab -6˚37'35.35" 55˚15'9.83" 50.1m 
NI 28 Day Grab -6˚36'17.95" 55˚15'10.05" 55.9m 
NI 29 Day Grab -6˚35'7.78" 55˚15'14.35" 71.1m 
NI 30 Day Grab -6˚34'38.61" 55˚15'19.77" 57.5m 
NI 31 Day Grab -6˚34'14.94" 55˚15'29.67" 63.3m 
NI 32 Day Grab -6˚32'23.68" 55˚15'3.15" 28.1m 
NI 33 Day Grab -6˚32'34.20" 55˚15'21.17" 43.2m 
NI 33A Day Grab -6˚32'38.52" 55˚15'21.33" 43.2m 
NI 34 Day Grab -6˚32'13.54" 55˚15'39.92" 46.3m 
NI 34A Day Grab -6˚32'25.46" 55˚15'39.28" 45.2m 
NI 35 Day Grab -6˚34'4.30" 55˚15'58.90" 87.5m 
NI 36 Day Grab -6˚33'30.55" 55˚16'19.99" 105.2m 
Ni 37 Day Grab -6˚34'30.63" 55˚16'22.77" 81.3m 
NI 38 Day Grab -6˚35'5.19" 55˚16'27.96" 77.3m 
NI 39 Day Grab -6˚36'34.41" 55˚16'47.82" 83.1m 
NI 40 Day Grab -6˚38'40.25" 55˚16'44.69" 71.8m 
NI 41 Day Grab -6˚38'52.41" 55˚17'7.41" 75.0m 
NI 42 Day Grab -6˚39'15.24" 55˚17'31.75" 79.6m 
NI 43 Day Grab -6˚39'34.80" 55˚17'28.26" 81.5m 
NI 43A Day Grab -6˚39'38.33" 55˚17'30.41" 71.3m 
NI 44 Day Grab -6˚40'5.49" 55˚14'17.95" 35.5m 
NI 45 Day Grab -6˚42'9.24" 55˚14'15.59" 34.5m 
NI 46 Day Grab -6˚42'49.81" 55˚13'59.45" 25.5m 
OF 1 Day Grab -7˚3'42.07" 55˚26'40.50" 46.3m 
OF 2 Day Grab -7˚1'57.86" 55˚27'2.93" 37.2m 
OF 3 Day Grab -7˚0'23.68" 55˚26'47.29" 27.4m 
OF 4 Day Grab -7˚0'35.69" 55˚26'23.48" 31.3m 
OF 5 Day Grab -6˚59'16.21" 55˚26'27.90" 31.5m 
OF 6 Day Grab -6˚58'22.78" 55˚26'39.17" 49.8m 
OF 6A Day Grab -6˚58'22.81" 55˚26'39.18" 50m 
OF 7 Day Grab -6˚58'1.44" 55˚26'15.67" 27.8m 
OF 7A Day Grab -6˚58'2.22" 55˚26'15.24" 26m 
OF 8 Day Grab -6˚56'39.48" 55˚26'12.30" 40.4m 
OF 9 Day Grab -6˚57'8.57" 55˚26'1.64" 39m 
OF 10 Day Grab -6˚56'27.64" 55˚25'43.10" 45.8m 
OF 10A Day Grab -6˚56'26.68" 55˚25'42.93" 46.6m 
OF 11 Day Grab -6˚54'40.28" 55˚25'22.51" 47.1m 
OF 12 Day Grab -6˚52'23.45" 55˚24'44.90" 52m 
OF 12A Day Grab -6˚52'23.27" 55˚24'43.87" 52.1m 
OF 13 Day Grab -6˚53'26.94" 55˚24'50.93" 58.8m 
OF 13A Day Grab -6˚53'25.78" 55˚24'48.12" 49.6m 
OF 14 Day Grab -6˚57'17.21" 55˚25'30.97" 44.4m 
OF 15 Day Grab -6˚58'30.25" 55˚25'57.31" 42.1m 
OF 16 Day Grab -6˚59'22.28" 55˚26'6.56" 38.1m 
OF 17 Day Grab -7˚0'34.02" 55˚25'57.65" 46.6m 
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Picture 1. Typical Day Grab performance  throughout the cruise duration, resulting 
in sufficient sediment recovery for both geological and biological sampling to be 
carried out. 
 
Pinger 
 
Simultaneous to MBES data acquisition, pinger sub-bottom data was also aquired. 
Selected lines transversing key bedforms will be used to interrogate the integral 
structure of sandwaves which may give further indication as to probable sediment 
mobility. Pinger data will also indicate thicknesses of sediment in the area. This 
data will be stored digitally at University of Ulster.  
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